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ABSTRACT 


This  report  discusses  surface  and  particulate  damage  to 
laser  glass  by  high  power  laser  pulses.  Surface  damage  is  studied 
through  high  speed  holography.  Holograms  of  damaged  samples  are 
taken  within  a  few  hundred  nanoseconds  after  damage.  The  plasmas 
and  acoustic  disturbances  associated  with  damage  and  visible  in 
these  holograms  are  analyzed  in  detail.  The  possibility  of 
eliminating  damaging  particles  from  laser  glass  is  examined  in  a 
theoretical  and  experimental  investigation.  Melting  of  glass  under 
reduced  partial  pressure  of  oxygen  in  platinum  is  presented  as  a 
method  for  accomplishing  this  elimination.  Also  discussed  in  this 
report  is  the  design  of  a  high  power,  high  energy,  TEMeo  mode  laser 
to  be  used  in  damage  studies. 
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1 .  SUMMARY 


The  work  described  in  this  report  is  ;i  rout  inu.it. ion  of  the  work 
reported  in  the  . oni- annual  report  of  31  December,  1070.  The  reader 
is  referred  to  that  report  for  orientation  to  the  work  being  performed 
under  this  contract.  Only  results  .and  modifications  of  Lite  last  six  months 
will  be  discussed  herein. 

On  the  investigation  of  surface  damage,  u  li  i  gh  speed  holographic  study 
of  the  damage  process  has  been  made.  Holograms  taken  with  a  0- switched 
ruby  laser  show  damaged  samples  at  various  times.,  nominally  few  hundred 
nanoseconds,  after  the  damaging  pulse  lias  passed  through  :!iem.  The  surface 
plasmas  are  clearly  visible  in  the  holograms.  Acoustic  disturbances  from 
the  damage  sites  can  also  be  easily  seen.  , 

Using  the  holograms  the  ion  and  electron  temperatures,  electron  densities, 
and  plasma  expansion  velocities  can  be  obtained.  Ion  temperatures  of  30,000°K 
are  measured  approximately  200ns  after  the  damaging  pulse.  Electron  densities 
in  the  plasma  at  the  time  of  the  damage  are  estimated  to  be  typically  greater 
than  10"*  e'Jectrons/em"  .  Plasma  exp  ulsion  velocities  greater  than  lO-’cm.'sec 
are  found  ?00ns  after  the  damage  occurs. 

A  possible  surface  damage  mechanism  involves  the  radiation  of  the  surface 
by  ultraviolet  photons  from  the  imriuo  plasma  initially  formed  by  desorption 
of  impurities  at  the  surface.  This  radiation  renders  the  surface  highly 
absorbent  to  the  incident  laser  puls.'. 
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A  great  deal  of  progress  has  been  realized  in  the  design  and 
construction  of  n  high  power,  high  energy  laser  operating  in  the  TEMqq 
mode.  This  laser  is  meant  to  he  used  in  future  damage  studies.  The 
oscillator  is  essentially  complete  and  is  reported  on  here.  Energies  of 
200-300  millijoules  in  20-40ns  pulses  are  expected  to  be  obtained  from 
the  oscillator. 

In  order  to  study  damage  at  shorter  pulse  lengths,  an  optical  shutter 
will  be  installed  in  the  TEMqq  mode  laser.  This  shutter,  will  allow 
attainment  of  pulses  variable  in  temporal  width  from  approximately  2-40ns. 

Work  has  continued  on  the  thermodynamics  study  of  melting  laser  glass 
in  platinum  crucibles.  Some  of  the  results  obtained  in  the  past  six  months 
are  as  follows: 

1.  Both  theoretical  consideration  and  a  change  in  the  P02  during  the  melting 
history  of  the  samples  used  in  the  Battelle  study  indicate  that  the  partial 
pressure  of  oxygen  is  an  important  parameter  to  control. 

2.  An  ex<ensive  literature  search  has  been  compiled  on  the  activities  of 
metals  in  platinum  and  on  the  activities  of  oxides  in  glass. 

3.  Using  various  theoretical  models,  the  thermodynamic  activities  of  metals 
in  platinum  and  of  oxides  in  laser  glass  cannot  be  estimated  within  two  orders 


of  magnitude. 
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4.  A  technique  was  developed  which  enables  the  simultaneous  determination 
of  the  activities  of  several  oxides  In  a  glass  composition  and  the  activities 
of  corresponding  metals  in  dilute  solutions  of  one  of  the  more  precious 
metals,  such  as  Pt,  Pd,  Rh,  and  Ir. 


5.  The  thermodynamic  activities  of  L^O,  CaO,  AI2O3,  and  SiC^,  have  been 
determined  In  an  Ll20-Ca0-Si02-Nd203  laser  glass  at  3  Pq^'s.  The  activities 
of  the  corresponding  metals  In  platinum  have  also  been  determined. 


6.  It  has  experimentally  been  determined  that  the  Li 20-CaO-SiC2*Nd202 

laser  glass  can  be  melted  in  platinum  at  an  oxygen  partial  pressure  of  10"*^ 

atms.  without  crucible  attack.  Using  the  derived  thermodynamic  data,  it 
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appears  that  oxygen  partial  pressures  in  the  10  atm.  range  would  cause 
platinum  crucible  failure  at  17006K  (2t>00*F). 
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2.  HOLOGRAPHIC  STUDY  OF  SURFACE  DAMAGE 


I 

2.1.  Damage  Mechanisms 

Several  investigators  have  hypothesized  various  mechanisms  to  be 
responsible  for  surface  damage  of  glass  subjected  to  a  high  power  laser 
pulse.  Some  of  these  are  as  follows: 

} 

1 

1. )  The  electrostrictive  interaction  between  the  laser 

beam  and  the  glass  causes  a  radial  constriction  of  the 
glass.  The  Poisson  effect  resulting  from  the  squeeze 
causes  a  compression  wave  to  be  propagated  along  the 
laser  beam.  When  this  compression  reaches  the  surface 
the  unloading  effect  causes  rupture  of  the  surface. 

I 

t 

2. )  Stimulated  Brillouin  scattering  initiates  and  amplifies  an 

acoustic  wave  which  propagates  along  the  forward  direction 
of  the  beam.  This  wave  ruptures  the  surface  upon  incidence. 

3. )  The  surface  plasma,  which  invariably  accompanies  surface  damage 

and  which  form6  in  the  first  few  nanoseconds  of  the  laser  pulse, 
rapidly  expands  upon  partial  absorption  of  the  tall  end  of 
the  pulse.  This  expansion  creates  a  shock  wave  which  damages 
the  surface.  The  plasma  originally  stems  from  desorption  of 
impurities  from  the  surface. 

4. )  The  surface  plasma  of  (3)  bombards  the  surface  with  thermally 

energetic  ions.  This  results  in  thermal  erosion  of  the  surface. 
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Self  trapping  could  play  a  role  in  any  of  these  by  increasing 
the  energy  density  of  the  laser  beam.  In  fact,  observations  indicate 
that  self  trapping  is  very  often,  if  not  always,  associated  with  surface 
damage.  Thus  any  of  the  various  mechanisms  hypothesized  to  cause  self 
trapping  could  also  be  considered,  at  least  indirectly,  a  cause  of 
surface  damage. 


Experimental  Arrangement 


2. 2 

As  a  means  of  studying  the  damage  process  near  the  time  the  damage 
occurs,  we  have  been  using  high  speed  holography.  Figure  1  is  a  diagram 
of  the  essentials  of  the  t»xperimental  arrangement.  A  glass  oscillntor- 
ampl'.fier  system  emits  a  40  ns  pulse  of  up  to  eight  joules.  This  is  passed 
through  a  lens  of  150,  25  or  10  cm  focal  length  and  then  is  incident  upon 
the  glass  sample  to  be  studied.  The  sample  is  a  one  inch  cube  of  ED- 2  in 
most  cases.  When  the  150  cm  lens  is  used,  the  sample  is  placed  about  130  cm 
from  the  lens.  When  the  25  cm  lens  is  used  the  sample  is  about  20  cm  from 
the  lens.  When  the  10  cm  lens  is  used  the  exit  face  of  the  sample  is 
generally  placed  just  before  the  focal  point  of  the  lens.  With  these 
arrangements  the  energy  density  varies  from  just  above  (the  damage  threshold 
with  the  150  cm  lens  to  well  above  150  j/cm  with  the  10  cm  lens. 

At  a  selected  time  after  the  damage  pulse  from  the  glass  laser  a 
hologram  is  made  of  the  sample  with  a  ruby  laser  which  emits  a  TEMqq  pulse 
of  20  ns  duration.  The  time  interval  between  the  damage  pulse  and  the 
hologram  pulse  can  be  varied  from  0  to  several  microseconds.  Up  to  500  ns 
the  interval  can  be  controlled  to  within  10  ns.  After  the  photographic  plate 
on  which  the  hologram  is  made  is  developed,  the  virtual  or  real  image  of  the 
sample  can  be  studied  or  photographed  at  leisure. 

Two  types  of  holograms  are  made  with  this  apparatus,  single  exposure 
and  double  exposure.  The  single  exposure,  in  which  the  ruby  laser  is  fired 
only  once,  results  in  a  shadowgram  superimposed  on  the  hologram  of  the  sample. 
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The  shadowgram  shows  regions  in  which  the  optical  density  changes  rapidly 
in  space.  The  double  exposure  technique  requires  that  a  hologram  first 
be  made  of  the  sample  without  the  damaging  pulse.  Next,  the  sample  is 
subjected  to  the  damaging  pulse  and  another  hologram  is  made,  using  the 
same  photographic  plate,  after  the  selected  time  interval.  The  result  is 
a  hologram  of  the  sample  with  fringes  due  to  its  change  in  state  during  the 
time  between  the  two  holograms.  A  shadowgram  is  also  present  in  the  resulting 
hologram. 


2.3  Experimental  Results 


Introduction 

Before  describing  any  of  the  results  obtained  it  should  be  noted 
that  this  was  not  a  study  of  the  damage  threshold  per  se.  The  intent  thus 
far  has  been  to  gain  experience  in  the  holographic  technique  as  it  applies 
to  this  particular  problem  and  to  study  damage  mechanisms.  In  the  latter 
case  it  seems  worth  mentioning,  since  the  point  scdms  so  often  missed, 
that  much  can  be  learned  about  a  physical  process  which  is  of  interest 
within  certain  limits  by  studying  that  process  well  outside  those  limits. 
Thus  studies  of  gross  damage  could  well  lead  to  an  understanding  of  the 
less  severe  damage  encountered  in  practice. 

Holograms 

In  this  subsection,  we  present  some  photographs  of  holograms 
representative  of  those  made  in  this  study.  Interpretations  of  these  will 
be  made  as  appropriate. 

Figure  2  is  a  photo  taken  of  the  virtual  image  of  a  double  exposure 
hologram.  The  time  delay  between  the  damaging  shot  and  the  pulse  which  made 
th'  ogram  was  190  ns.  The  lens  used  to  focus  the  destaging  beam  was  the 
l  *  focal  length  lens. 

Both  exit  and  entrance  plasmas  can  be  clearly  seen  in  the  photo. 

(The  exit  is  to  the  right  in  this  photo  as  in  all  others  presented  herein). 
Note  the  clarity  of  the  fringe  pattern  in  the  entrance  plasma  while  the  exit 
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plasma  has  n  different  character.  Close  examination  of  the  photo  reveals 
two  acoustic  waves  propagating  into  the  sample  fr*m  the  damage  site  on  the 
exit.  No  such  disturbance  is  seen  at  the  entrance  face. 

Also  visible  in  the  photo  is  an  internal  damage  track  which  terminates 
at  the  exit  face.  This  track  was  actually  formed  during  a  previous  damaging 
shot  at  a  different  position  in  the  cube  and  only  appears  in  the  photo  to  be 
associated  with  the  shot  of  which  this  hologram  was  made. 

Figures  3  and  4  are  micrcphotographs  of  the  entrance  and  exit  surface 
damage  respectively.  There  is  a  definite  cracking  of  the  entrance 
surface,  but  still  no  acoustic  wave  is  associated  with  this  surface  in  this 
case,  at  least  not  one  of  great  enough  intensity  to  be  detected  on  the 
hologram. 

Figure  5  shows  a  photograph  of  a  hologram  taken  with  a  time  delay  of 
1600  ns  after  the  damaging  shot.  No  exit  plasma  is  visible  but  there  is  a 
definite  plasma  at  the  entrance  face.  This  is  more  obvious  in  Figure  6 
which  is  a  photo  taken  with  a  camera  mounted  above  the  sample.  The  shutter 
of  the  camera  is  kept  open  during  the  damaging  shot,  so  the  result  is  an 
integrated  photo  of  the  damage  process.  No  damage  could  be  seen  on  either 
the  entrance  or  exit  of  this  sample. 

It  has  been  suggested  that  the  appearance  of  a  plasma  at  the  surface 
should  be  used  as  a  definition  of  damage.  Here  we  have  a  plasma  but  no 
damage,  at  least  no  detectable  damage.  Even  if  one  accepts  the  appearance  of 
a  plasma  as  a  definition  of  damage,  then  the  exit  damage  threshold  is  not 
always  lower  than  the  entrance  damage  threshold  as  is  commonly  accepted  to 
be  the  case. 
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Figures  7,  8,  9,  show  photos  of  single  exposure  holograms 
with  time  delays  of  190  ns,  900  ns,  and  1425  ns  respectively.  These  were 
all  made  with  the  damaging  beam  passing  through  the  10  cm  lens,  as  was  the 
hologram  of  Figure  10  which  is  a  double  exposure  hologram  (note  the  familiar 
fringe  patterns  of  such  holograms  in  the  plasma). 

In  Figure  7  both  exit  and  entrance  plrsmas  as  well  as  an  interior 
damage  track  can  be  seen.  An  acoustic  disturbance  propagating  away  from  the 
damage  track  is  also  present.  Figures  8,  9,  and  10  exhibit  very  clearly  the 
exit  plasma. 

Three  points  should  be  noted  concerning  these  last  four  photographs. 
First,  two  acoustic  waves  moving  away  from  the  damage  sites  in  the  exit  faces 
and  into  the  interiors  of  the  samples  are  qiite  clear.  In  Figure  10  the 
second  wave  exhibits  a  "kink"  where  it  meets  the  surface  of  the  sample.  A 
third  and  fourth  wave  can  also  be  seen  in  Figure  10.  No  disturbances  are 
seen  moving  from  the  interiors  of  the  samples  toward  the  surfaces.  Second, 
parts  of  the  plasmas  are  opaque  to  the  ruby  laser  beam  which  was  used  to  make 
the  holograms.  This  is  evinced  by  the  black  portions  of  the  plasmas. 

Third,  the  plasmas  exhibit  a  peculiar  apiomorphic  symmetry.  This  is  most 
easily  seen  in  Figures  9  and  10. 

Concerning  the  first  point,  a  disturbance  in  a  small  region  of  a  solid 
will  in  general  produce  both  longitudinal  and  transverse  waves. 
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FIGURE  10 
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The  speeds  of  these  waves  are  given  by 


V 

T 


1. 


rjSLliliJj1/2 


(1) 

(2) 


where  p,  and  K  are  respectively  the  shear  modulus,  density,  and 
bulk  modulus  of  the  material. 

Using  the  measured  values  of  these  constants  for  ED-2,  the  glass 
used  in  these  studies,  we  obtain  from  (1)  and  (2), 

3 

V  =  6.46  x  10  m/sec 
L 

3 

V  =  3. 77  x  10  m/sec 
T 

The  ratio  of  these  is  1.7. 

If  in  Figures  8,  9,  and  10,  we  measure  the  ratio  of  the  distances 
which  the  two  waves  have  traveled  from  the  damage  site,  we  obtain  in  all 
three  cases  1.8.  The  leading  wave,  then,  is  a  longitudinal  wave  and  the 
trailing  wave  is  transverse  in  character. 

It  is  interesting  to  note  that  only  one  wave  is  apparent  in  the 
disturbance  associated  with  the  internal  damage  track.  The  wave  is 
longitudinal  as  can  be  ascertained  from  the  fact  that  it  is  of  the  same 
radius  as  the  longitudinal,  wave  from  the  surface  damage  site.  This  has 
been  noted  in  other  holograms  which  show  a  wave  from  the  internal  damage 
track. 
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An  explanation  of  the  kink  so  apparent  in  the  transverse  wave 

i 

of  Figure  10  can  be  gleaned  by  calculating  the  speed  of  a  Rayleigh 
(surface)  wave  in  ED-2.  This  turns  out  to  be  0.9  times  the  speed  of 
a  transverse  wave.  The  relative  distances  of  the  kink  and  the  transverse 
wave  from  the  dasage  site  are  about  right  to  support  the  contention  that 
the  kink  is  caused  by  a  Rayleigh  wave  moving  out  from  the  damage  site. 

Turning  now  to  the  opaqueness  of  the  exit  plasma,  we  calculate  the 
electron  density  which  would  be  required  in  the  plasma  in  order  to  render 

I 

it  opaque  to  the  ruby  laser  wavelength.  This  given  by  1  1 

2  , 

nc  =  fio  tt  Z  I  1 

e®  .  (3) 

,  !  ill  I 

where  m,  »r,  and  e  are  respectively  the  mass  of  the  electron,  the  angular 

i 

frequency  of  the  light,  and  the  electronic  charge.  Substituting  values  for 

'  I 

these  yields 

21  3  . 

n  *  2.3  x  10  electrons/cm 

c  ‘ 

2i  3  ' 

Thus  if  the  electron  density  is  higher  than  approximately  2  x  10  /cm 
in  any  region  of  the  plasma,  one  would  expect  the  plasma  to  be  opaque  t°  the 

i 

ruby  laser.  In  one  respect  it  is  reasonable  to  assume  that  this  might  be 
the  case.  Several  Investigators  have  noted  that  the  latter  part  of  the 
damaging  laser  pulse  is  apparently  absorbed  by  the  plasma.  This  implies 

that  the  electron  density  is  greater  than  n  ,  at  least  in  the  incipient  stages  i 

,C  • 

of  the  plasma  development.  However,  we  note  that  the  hologram  of  Figure  10, 
for  example,  was  taken  1500  ns  after  the  damaging  pulse.  That  the  electron 

i 

‘ii, 

density  at  this  late  time  is  still  greater  than  n  is  doubtful. 
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Also,  calculations  (to  be  given  further  on  in  this  report)  show  that  each 

fringe  in  the  plasma  of  Figure  10  should  correspond  to  a  change  of  about 
18  3 

3  x  10  electrjns/cm  .  This  indicates,  since  there  are  three  fringes 

19  3 

across  the  plasma,  that  the  density  in  the  opaque  region  is  about  10  /cm  , 

well  below  n  . 

c 

Another,  and  perhaps  more  plausible,  explanation  of  the  opacity  is 
that  it  is  due  to  material  expelled  from  the  damage  pit  on  the  surface. 

This  view  is  supported  by  the  observation  that  entrance  surface  damage  almost 
never  takes  the  form  of  a  pit,  i.e.,  very  little,  if  any,  material  is  removed, 
and  the  entrance  plasma  is  never  observed  to  be  opaque.  Also  supporting  this 
explanation  is  Figure  11  which  is  a  photo  of  a  sample  which  has  suffered  gross 
damage.  The  delay  time  was  560  ns.  The  photo  of  Figure  12,  taken  with  an 
open  shuttered  camera.  Indicates  the  great  extent  of  the  damage.  The  surface 
pit  is  about  3m  in  diameter  and  0.5  mm  deep,  so  a  large  amount  of  material 
was  expelled.  Note  the  large  region  of  opaqueness  in  the  plasma.  The  evidence 
seems  to  indicate  that  material  from  the  surface  is  being  seen  in  these 
holograms. 

We  turn  now  to  the  third  point  raised  above,  the  pear  like  shape  of  the 
pis  .jas  of  Figures  8,  9,  and  10.  The  reason  for  this  becomes  immediately 
evident  upon  examination  of  Figure  13.  This  is  a  hologram  of  the  spark  created 
at  the  focus  of  the  10  cm  lens  while  attempting  to  focus  on  the  entrance  surface. 
Obviously,  the  double  pear  shape  is  due  to  the  focusing  of  the  laser  beam  and  is 
not  a  property  of  the  interaction  between  the  pulse  and  the  surface.  This,  by 
the  way,  points  up  one  of  the  dangers  of  measuring  the  damage  threshold  by  using 
a  focused  beam.  If  the  plasma  is  responsible  for  the  damage,  then  it  is  easy 
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FIGURE  11 


not  reproducible 


FIGURE  12 
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to  Imagine  that  the  results  would  be  affected  by  such  a  procedure.  One 
has  not  only  the  interaction  between  the  surface  and  the  plasma  created 
by  adsorption  from  the  surface  to  consider,  but  must  also  consider  the 
interaction  between  the  surface  and  the  plasma  created  by  focusing  the 
beam  near  the  surface. 


Plasma  Expansion  Velocity  and  Ion _T emperature 

Figures  14  through  18  are  all  photos  of  double  exposure  holograms. 

The  damaging  beam  was  passed  through  the  25  cm  lens  and  the  energy  density 

2 

is  about  the  same  for  every  photo  -  approximately  100  1/cm  at  the  exit  face. 
Delay  times  between  the  damaging  pulse  and  the  hologram  pulse  are,  corres¬ 
ponding  to  the  numerical  order  of  the  Figures,  270  ns,  580  ns,  880  ns,  1600  ns, 
and  1900ns.  In  short,  the  conditions  for  all  five  shots  variad  only  in  the 
delay  time. 


From  this  series  of  photos  the  rate  of  transverse  (to  the  damaging  laser 
beam)  expansion  of  the  plasma  can  be  obtained  by  simply  measuring  the  extent 
of  the  plasma  at  the  various  stages  of  its  development.  This  expansion  rate, 
which  is  the  speed  of  sound  in  the  plasma,  depends  upon  the  ion  temperature 
of  the  plasma  and  is  given  by  ^ 


1  Y  (Y  -l)e 


I  1/2 


(3) 


where  s*  is  the  internal  energy  per  gram  of  the  plasma  and  v  is  the  effective 
adiabatic  ex ponent . 
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figure  : 1 


FIGURE  !  ■* 
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FIGURE  15 


FIGURE  16 
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FIGURE  17 


FIGURE  18 


-23- 


The  internal  energy  for  air  has  been  calculated  to  be 

S  3/2  ,  0.12 

e  «  2.7  x  105  T  ( 0O)  erg/gm,  (4) 

where  o/oo  is  the  density  of  air  referred  to  standard  conditions. 


Using  this  as  a  rough  approximation  of  the  internal  energy  of  the 

surface  plasmas  In  these  photos  we  obtain,  with  y  =  1.2, 

-4  4/3 

Tt  *  5.4  x  10  VT  '  ,  (5) 

where  is  the  ion  temperature  of  the  plasma. 


Table  1  lists  the  average  transverse  velocities obtained  by 
measuring  the  expansion  of  the  plasma  between  two  times  t^  and  t 2-  That  is, 


YN  "  r2  -  rl 

c2  fci 


(6) 


where  r^  is  the  radius  of  the  plasma  at  time  t^  and  r^  the  radius  at  t^. 
The  listed  values  of  T^  are  obtained  from  (5). 


Table  1 

Plasma  Expansion  Velocities  and  Ion  Temperatures 


t^ns) 

t2<"9) 

/  V_  5 cm/sec 
\  T 

Tt  °K 

0 

270 

7.4  x  10e 

3  x  104 

270 

580 

2.6  x  10r 

9  x  103 

580 

880 

2.3  x  10B 

8  x  103 

880 

1600 

1.5  x  10R 

4  x  103 

1600 

1900 

1.4  x  10B 

4  x  103 

Figures 

19  and  20  are 

graphs  of  n  Vt  ’ 

and  respectively 

The  ion  temperature  is  decreasing  rapidly  at  270  ns  after  the  damaging  pulse. 
Tt  is  undoubtedly  much  greater  than  3  x  10^°K  in  the  inchoative  plasma. 

Holograms  taken  with  shorter  delay  times  will  yield  a  better  value  for  T^ 
in  this  plasma. 
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PIGURE  19  -  <VT>  Vs  time 
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FIGURE  20  -  T.  time 
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A s  a  note  of  possible  Interest  we  remark  in  passing  that  these 
values  of  are  probably  good  values  of  the  electron  temperature  also, 
since  one  expects  the  two  species  to  reach  equilibrium  within  a  few 
nanoseconds  in  free  plasmas  of  these  densities. 

Electron  Densities  in  Surface  Plasmas 

To  a  good  approximation,  for  the  present  purpose,  the  phase  shift 

of  the  ruby  laser  light  as  it  traverses  the  surface  plasma  is  given  by 

d 

Atp  “  Jo _  ^  n(r)dr  ,  (13) 

2  nc  o 

where  fit n  is  in  radians,  K  is  the  wave  number  of  ruby  light,  n  (r)  is  the 

o 

electron  density  at  a  distance  r  from  the  axis  ef  the  damaging  laser  beam  , 
d  is  the  transverse  diameter  of  the  plasma,  and  n^  is  the  "cutoff"  electron 
density  as  given  in  equation  3. 

Substituting  for  the  known  constants  one  obtains 

d 

T  -  5x  l(f 23  ^  n  (r)  dr,  (14) 

o 

where  T  is  the  number  of  fringes  in  the  plasma,  n  (r)  is  electrons/m*,  and  d  and 
r  are  in  meters. 

Assuming  now  that  n(r)  is  constant  across  the  plasma,  we  obtain 

n  -  2  V  1018  (15) 

d 

3 

where  n  is  now  in  electrons/cm  and  d  is  in  centimeters. 
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The  assumption  of  constant  n  across  the  plasma  will  lead  to  a  value 
of  n(o)  that  is  too  small  by  a  factor  of  perhaps  2,  but  the  approximation 
is  good  enough  for  our  purposes  at  the  present  time. 

Applying  (15)  to  the  plasmAs  of  Figure  2  we  obtain,  for  both  exit 

IQ  3 

and  entrance  plasmas,  n  «  2  x  10  /cm  .  As  mentioned  above,  the  shot  of 
Figure  2  was  not  far  above  the  damage  threshold,  so  this  electron  density 
should  be  representative  of  those  encountered  in  damage  to  systems  components. 

In  interpreting  this  number  it  must  be  remembered  that  the  hologram  of 

Figure  2  was  taken  after  a  time  delay  of  190  ns.  Thus  the  plasma  has 

expanded  appreciably  and  it's  density  is  much  less  than  it  was  at  the  end  of 

the  damaging  pulse.  We  can,  however,  obtain  a  "ballpark"  number  for  the 

electron  density  of  the  plasma  in  its  incipient  stage.  We  assume  that  no 

recombination  has  occurred  during  the  190  ns  delay.  We  also  assume  a 

reasonable  value  for  the  diameter  of  the  plasma  at  the  end  of  the  damaging 

pulse.  In  this  case  this  value  is  about  1  ram.  Measuring  the  diameter  of 

the  plasma  in  the  photo  to  be  approximately  U  ram,  and  recognizing  that  the 

electron  density  goes  as  the  inverse  cube  of  the  diameter,  we  obtain  for  the 

19 

electron  density  of  the  inchoative  plasma  a  value  of  60  x  2  x  10  » 

21  3 

1.2  x  10  /cm  .  Considering  the  nature  of  the  assumptions  which  have  gone 
into  this  calculation,  this  number  is  undoubtedly  low.  The  important  point 
is  that  it  is  in  the  region  where  one  expects  the  plasma  to  begin  to  absorb 
the  damaging  pulse.  Thi9  is  in  keeping,  as  noted  above,  with  observations 

'  l 

made  by  other  investigators. 


J 
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2,4  Discussion  and  Conclusions 

i  '  '  , 

Although  more  extensive  and  well  characterized  experiments  using  the 
holographic  technique  presented  herein  need  to  be  performed,  a  great  deal 

:  I  ‘ 

of  information  can  be  gleaned  from  the  work  already  done  and  some  tentative 

i  '  ! 

conclusions  can  be  drawn. 

i  I 

'•  i  •  ■ 

What  is  the  evidence,  in  these  holograms,  for  and  against  sof-te  of  the 
theories  which  have  been  prpposed'  to  cause  surface  damage?  Some  of  the  pdints 

i 

which  can  be  made  concerning  this  are  enumerated  below: 

1 

1  1.)  In  none  of  the  holograms  made  thus  far  has  any  acoustic  wave  been 

i  '  '  ;  1  i  , 

detected  moving  toward  the  exit  surface,  except  when  there  is  gross  internal 
damage  of  the  sample.  This  indicates  that  any  of  the  proposed  mechanisms 

J  ,  1  /  f  .'  ’’  , 

which  postulate  damage  due  to  internally  initiated  acoustic  disturbances 

,  ' 

are  not  valid.  ! 

,  >  ■  '  1  1  i 

i  .  ,  ■  i  :  ; 

2.)  The  hypothesis  which  holds  that  surface  damage  is  caused  by  the 

shock  of  the  expanding  plasma  takes  'cognisance  of  the  fact  that  the  .plasma 
1  ■  ‘  '  '  ' 
tends  to  grow  into  the  ikser  pulse  which  creates  it.  This  has  been  often 

observed  and  is  quite  reasonable  since  the  plasma  is  being  "fed"  in  the  area 

'facing  the  direction  from  which  the  laser  pulse  comes.  This  implies  that 

I 

.  I  I 

the  shock  wave  created  by  the  expanding  plasma  also  moves  into  the  laser  beam. 
(This  has  also  been  observed).  At  the  exit,  then,  the  shock  strikes  the  surface, 

!  ,  i  , 

while  at  the  entrance  the  shock  moves  away  from  the  surface.  This  asymetry 

■  i 

accounts  for  the  difference  in  the  nature  of  exit  and  entrance  damage  and 
the  difference  in  damage  thresholds. 

Based  upon  this  tjodel  it  would  be  expected  that  strong  acoustic 
disturbances  would  be  seen  at  the  exit  but  not  at  the  entrance.  A  salient 

,ii  i 

i 

feature  of  the  holograms  in  which  damage  occurred  to  the  sample  is  that  an 

I  .  1 


!  I 

l 


I 


acoustic  disturbance  is  almost  always  present  at  the  exit  face  but  is 
usually  not  seen  at  the  entrance  face.  However,  to  conclude  that  exit 
surface  pitting  is  caused  by  a  shock  wave  from  the  expanding  plasma  would 
he  a  non  sequitur.  One  would  expect  that  acoustic  waves  of  the  sort  observed 
would  result  from  such  a  pitting.  The  question  is  "what  causes  the  pitting?" 
This  cause  could  be  a  mechanical  shock  or  it  could  be  a  very  rapid  deposition 
of  thermal  energy.  Thus  the  validity  of  neither  the  thermal  erosion  theory 
nor  the  mechanical  shock  theory  is  evinced  by  the  acoustic  disturbances  seen 
in  these  holograms. 

3. )  In  regards  to  the  shock  theory  of  surface  damage,  it  is  interesting 
to  note  (see  Table  1)  how  close  the  velocity  of  sound  in  the  plasma  -  that  is, 
the  transverse  expansion  velicity  of  the  plasma  -  is  to  the  velocity  of  sound 
m  the  glass.  Remembering  that  the  acoustic  impedance  of  a  solid  is  given  by 

t  tie  product  of  the  density  of  the  solid  and  the  speed  of  sound  in  the  solid, 
and  assuming  that  the  density  of  the  inchoative  plasma  is  near  that  of  the 
solid,  it  is  seen  that  there  is  a  good  acoustic  impedance  match  between  the 
plasma  and  the  glass  sample.  This  would  aid  in  coupling  the  plasma  expansion 
shock  wave  into  the  glass. 

4. )  The  opaque  regions  of  the  exit  plasmas  in  many  of  the  cases  where 
pitting  hrS  occurred  may  be  a  clue  to  the  mechanism  operating  to  cause  damage. 
If  this  opacity  is  due  to  material  from  the  surface,  then  the  material  is  being 
ejected  at  a  high  velocity.  Measurements  made  in  the  photos  of  the  holograms 
show  that  this  velocity  is  in  excess  of  10B  cm/sec.  The  implications  of  this 
are  not  clear  to  us  at  present. 
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5. )  The  acoustic  waves  seen  emanting  from  interior  damage  tracks 
are  potentially  rnore  conclusive  than  those  from  the  snr  mens.  They  are 
pertiaps  evidence  that  el  ect  restriction  is  acting  in  at  least  some  01  the 
instances  of  self  focusing  observed  in  these  holograms,  (hie  draws  this 
conclusion  from  the  fact  that  only  a  longitudinal  wave  is  seen  radiating 
away  from  internal  damage  tracks.  If  the  breakage  per  se  were  causing  the 
emission  of  the  sound  wave,  then  it  might  he  expected  that  both  longitudinal 
and  transverse  disturbances  would  he  visible.  however,  el ectrostriction, 
which  causes  a  radial  cons  tr ict  ion,  would  produce  only  longitudinal  wave. 

The  evidence  indicates,  then,  the  existence  of  a  relatively  strong  electro- 
Gtrictive  wave  in  some  instances  of  self  tracking  damage.  However,  it  must 
bo  stressed  that  this  evidence  is  only  preliminary. 

We  should  note  here  that  a  sound  wave  is  not  always  seen  in  conjunction 
with  tracking  damage.  The  shorter  the  time  delay  between  damage  and  the  taking 
of  the  hologram  and  the  greater  the  tracking  damage,  the  more  likely  it  is 
that  a  wave  will  be  seen.  Perhaps  the  tracking  wave  is  less  intense  than  those 
from  the  exit  face,  and  consequently,  attenuates  mein  rapidly  to  the  point 
where  it  is  not  detected.  /'Iso,  the  holograms  are  not  all  of  equal  quality 
and  it  is  likely  that  weaker  disturbances  are  sometimes  not  detected  because 
of  poor  quality  of  the  hologram. 

6. )  The  ion  temperature  of  the  plasma  near  the  end  of  the  damage  pulse 

4 

is  probably  much  greater  than  5  x  10  °K.  This  supports  me  theory  of 
thermal  erosion.  Also,  the  nature  of  the  damage  often  suggests  that  it  is 
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'  used  by  high  temperatures.  There  is  often  a  large  -  sometimes  ns  great  as 
one  centimeter  in  diameter  wher  the  energy  density  of  the  laser  pulse  is  far 
above  the  damage  threshold  -  area  of  permanent  discoloration  of  the  glass 
•nrface  around  the  damage  on  the  exit  face.  This  diameter  is  much  larger 
than  the  diameter  of  the  damaging  laser  beam,  hut  the  plasma  attains  yet  even 
larger  dimensions.  Furthermore ,  the  ion  temperature  of  the  plasma  can  still 
tie  several  thousand  degrees  upon  reaching  this  diameter  (see  Table  1).  There 
can  be  little  doubt  then  that  the  plasma  per  se  is  responsible  for  this 
discoloration.  Whether  the  mechanism  responsible  is  thermal  heating  or  UV 
radiadition  from  the  plasma  remains  to  be  determined. 

This  large  discolored  area  illustrates  very  well  the  point  made  earlier 
in  this  report  concerning  the  efficacy  of  doing  damage  studies  well  above  the 
damage  threshold.  Sue!)  ::  large  area  of  discoloration  would  not  be  observed 
unless  the  energy  density  of  tne  damage  pulse  is  sufficiently  great  to  cause 
a  plasma  of  relatively  large  dimensions  and,  consequently,  one  would  not  be 
ri'.'lf  to  observe  so  easily  the  effect  of  the  plasma  on  the  glass. 

7.)  In  genera],  any  hypothesis  whose  purport  is  explanation  of  surface 
damage  must  take  into  account  the  great  difference  between  entrance  and  exit 
surface  damage  thresholds.  Most  do  this,  but  there  appears  to  be  another 
difference  between  exit  and  entrance  damage  which  is  not  taken  into  account. 

The  entrance  and  exit  plasmas  are  of  about  the  same  density  and  temperature 
but  the  exit  plasma  is  often  much  larger  when  the  energy  of  the  beam  is  well 
above  the  damage  threshold.  This  asvinetry  could  be  an  indication  of  the  damage 
nechnni sm. 
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4.5  A  Proposed  Damage  Mechanism  * 

In  an  effort  to  colligate  the  facts  gleaned  from  the*  observations , 
we  present  the  following  phenomenological  model  as  an  explanation  of  surface 
damage. 


At  the  exit  surface  a  plasma  is  initially  formed  by  desorption  of 
impurities  from  the  surface  by  the  leading  edge  of  the  laser  pulse.  That 
impurities  and  not  the  glass  per  se  are  responsible  for  the  plasma  is  evinced 
by  the  fact  that  pristine  glass  is  quite  difficult  to  damage.  These  impurities 
may  be  remnants  of  polishing  compound,  water  absorbed  from  the  atmosphere,  etc. 
This  desorption  and  plasma  formation  are  enhanced  by  any  self  trapping  of  the 
beam  which  might  occur.  The  plasma  remains  in  close  contract  with  the  surface 
due  to  its  propensity  to  grow  into  the  laser  beam.  UV  radiation  from  the 
plasma  raises  electrons  in  the  surface  to  the  conduction  band  until  the  surface 
begins  to  appear  metallic  to  the  still  incident  laser  pulse.  This  in  turn  leads 
to  an  increased  absorption  of  the  pulse  and,  consequently,  to  an  increased  rate 
of  plasma  growth.  The  characteristic  pit  is  due  to  either  thermal  spallation  or 
to  a  combination  of  thermal  effects  and  the  shock  from  the  expanding  plasma 
acting  upon  the  already  thermally  weakened  surface.  The  larger  area  of  dis¬ 
coloration  around  the  pit  is  due  to  the  thermal  effect  of  the  plasma  or  to 
UV  radiation  from  the  plasma. 

*  Some  of  the  essentials  of  this  must  be  credited  to  Prof.  A.  Glass  of 
Wayne  State  University,  Detroit,  Michigan. 
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The  entrance  surface  damage  threshold  Is  higher  and  the  plasma  smaller 
because  the  plasma  grows  away  from  the  surface.  Consequently,  the  entrance 
Is  not  as  effectively  subjected  to  either  radiation  or  shock  from  the  plasma. 
Any  entrance  damage  Is  due  to  thermal  effects, 

A  possible  point  of  contention  In  this  proposed  mechanism  lies  in  the 
rather  blasA  statement  that  the  entrance  surface  is  not  as  effectively 
Irradiated  by  UV  from  the  plasma  as  the  exit  surface.  At  present,  nothing 
more  than  the  observation  that  there  Is  greater  contiguity  between  exit  and 
plasma  than  between  the  entrance  and  plasma  can  be  offered.  This  Is  certainly 
a  point  that  wants  more  thought. 
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T!-:N0o  >K'T)r:  lA"Fi: 

As  reported  in  t hr*  s**m-annu;il  report  of  3]  Vr'unher,  1 1  * 7 < .  a  hiyh 
power,  h  1 5<li  energy,  loser  operating  the  TKMq0  spot  ini  mode  is  !>«■  i  u  *, 

■of;  i  yned  ard  const  rue  tori  under  this  contract.  Thi r.  will  be  a  vlasr 
<  ‘S'* :  1  ]  ntor-ainp]  I  f  ier  system  with  n  pulse  width  varini  ie  from  approximately 
two  to  forty  nanoseconds . 

Since  die  build  in?  of  this  laser  is  still  a  croc  ess,  on]  y  the 
oscillator  design  will  be  discussed  here  in.  The  complete  system  will  he 
described  in  the  nest  semi -annual  report,  due  '3  no  sen'-,  or  ,  1^71. 

Several  problems  have  presented  t  hens  elver  .  r.  the  design  of  this 
oscillator.  Some  of  these  problems,  alons>  with  pertinent  continent? ,  are 
as  follows: 

1.)  fiiiaracter  i  st  jcs  of  the  X'iV  mode  -  Ideal.' v  t,;,e  output  of  an 
oscillator  operating  in  the  TfclM  mod*  should  process  a 
(!auss  ian  cross- sect  ion.  that  the  output  if;  snatial  ly  Gaussian 
ran  be  ostensibly  verified  hy  several  ret.  hod,:. .  Two  common 
ones  are  examination  of  the  burn  patterns  of  the  laser  (the 
laser  is  fired  through  i  liters  of  various  neutral  densities 
and  is  assumed  to  h  a  rep  rode  c  i  hie  a,.',  put  .»  if  me  a  si  irement 
of  the  energies  pas. in;  through  apertures  o:  various  sizes. 
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;  •  •  l" . 

:V.C  A 

SI  i-L.T. 

('  l  .  a  1  .  , 

have  suowu  that  a  more 

ijmv'ti'  e>.;w; :  no  t  i  on  o  t  ho  laser  pulse  mi-  t  be  made, 
pec  i  i  (  .■  .  :  y ,  t  lie  temporal  shape  of  the  pulse  as  a  function 
■t  ia.!i  ll  it;  stance  from  the  axis  of  syinnoi  ry  must  he  determined. 

I'his  su.ipe  .would  h  the  paiae  for  eve  tv  point  in  the  cross- 
sect  ion  of  the  pulse  if  "Tl-IN  "  ip  to  have  its  usually  inferred 
one  I  i'i  other  words,  the  spatial  cross-section  of  t  h<r 

pulse  must  ho  -gauss  inn  along  the-  whole  er.gth  of  tne  pulse. 

These  con<! ,  t  s  ire  onlv  appro::  :  me  t>- 1  y  fulfilled  in  practice.  The  pulse 
never  truiv  'Up  •~si,v;  :  .  laser  which  uses  an  ini  ore  .  .• !  h.y  aperture  and  there 

..  a  1  wavs  picosecond  structure  to  the  pulse.  However,  tee  conditions  can  be 
well  approK i via t oil  :n  the  nanosecond  to’Lme. 

In  (lie  oscillator  under  consideration  here  ..Figure  there  appears  to 

•  no  pro!'l mn  with  variation  in  tiro  >f  tire  cro.s'-soct.ional  .‘'-'.tape  of  pulse. 

has  boor.  c!iec'-"»i!  by  parsin'  a  portion  of  the  hc*ar:i  throurh  a  pinhole 

voted  at  v.  riow  pom  t  ,  vns  in  tne  hoar.  Vo  .-ever,  rules'.  care  is  taken  a 

•  t-oat  deal  of  lon’i  t -id  i  us  i  mode  heating  is  presort  in  the  output.  Figures  ??, 

'3,  >nd  ?A  are  oscillograms  of  the  entire  pulse  for  cavity  lengths  of  5,  ?  and 

.tors  respect ;  ve 1  y,  Tire  i  i;;;»  scale  ir  Ft  ns/tlic-ii  each  Figure.  That 

me  regular  part-' re.  i  .•<  sue  to  -ode  ho;  :;i  ir;  can  be  n  scoria .  nod  by  noting  that 

J'o  frequenev  is  Ac.  As  the  f :  rqrcaey  separation  of  the  rwdes  varies  as  1, 

T*  '  I 

h"  prowler  1  T'ol’-  di-mppears  with  the  one  net;er  cavity,  (It  is  interesting 

’•  ’otc  in  t'-ese  oscillograms  that  t'nr  temporal  pulse  width  is  directly  proportienal 

:o  the  cavity  lengtn). 
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FIGURE  21  -  Oscillator 
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FIGURE  22 


FIGURE  23 
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Another  aspect  of  r  KM  0  Q  mode  characteri  zat  ion  is  the  spatial 
"<  1 r uni  1  ness"  or  t  lie  pulse.  There  is  always  some  energy  outside  the 
tmin  pattern  which  seems  t.i  define  the  beam.  This  is  often  not  manifested 
■  > n t  i  I  attempts  to  amplify  the  pulse  are  made.  The  amplification  of  this 
peripheral  energy  can  result  in  a  very  messy  looking  beam.  Generally  the 
problem  lies  in  scattering  from  the  intercavity  aperture  used  to  obtain 
the  TEMoo  mode.  Special  apertures  can  be  used  to  alleviate  this  problem 
and  such  an  aperture  has  been  Installed  in  the  osci^ later  described  here. 
The  efficacy  of  this  remains  to  be  seen  after  the  pulse  is  substantially 
ampl i fied . 

2.)  Obtaining  the  TEMioo  mode  -  We  have  used  the  most  straightforward 

I 

method  to  this  end,  an  aperture  placed  inside  the  oscillater 
cavity.  Besides  use  of  an  aperture,  several  other  facpors 
govern  the  ease  with  which  the  mode  can  be  obtained  and  the  ’ 
maximum  size  aperture  that:  can  be  used: 

a.)  The  optical  quality  of  the  intercavity  elements  must  be 
"good".  Upon  the  first  attempt  to  run  the  oscillater 
under  consideration  in  the  Tl>i0o  mode,  we  used  a  laser 
rod  which  exhibited  a  full  wave  (full  aperture)  of  stress 
when  examined  in  a  Michelson  interferometer.  The  TEM0o  • 
mode  could  not  :>e  obtained  even  with  an  apeiture  as  small 
as  O.b  mm  In  uiauieter.  Replacement  of  this  rod  with  one 
with  less  than  1/S  wave  stress  led  immediate ly  to 
operation  in  the  desired  mode. 
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Cleanliness  of  the  optical  .elements  is,  m  course,  of 
param'ount  importance  not  only  for  maintenance  of  optical 
quality  but  also  for  the  prevention  of  damage'. 

.  i 

:  }  j 

b, )  Any  small  damage  site  which  develops  in  the  path  of  the 

.  i  '  1  i 

beam  inside  the  oscillator  cavity  can  cans-  loss  of  the 

.  *  *  .  ,  j  I 

TKMoo  mode.  This  Is  often  manifested  he'  the  sudden 

i  i 

appearance  of  a  higher  order  mode.  ' 

c. )  The  use  of  a  curved  mirror  renders  attainment  of  the 

TEM  oo  easier.  A  fou-  meter  radius  of  curvature  oiirror 

'  '  '  .  »  ' 

is  being  utilized  fn'o'ir  oscillator  ns  a  o*v  'reflector. 

The  out  out  mirror  is  an  dkalon  with  an  in  finite  radius  , 

/  ’  I 

i  i 

of  curvature. 

i 

d'.)  Alignment  ,  of  the  cavity  is  critical,  tk.  t  •»:  ■  ■  ,  .  for  circular 

:  i  1  ' 

i  t  symmetry  of  the  output  beam  but  also  for  attainment  and 

■  ,  > 

maintenance  of  the  mode  desired.  As  ,i  gen/v.al  procedure 

;e  align  the  cavity  to  last  and  then  ’ols  -’  wi'h  the 

'  ■ 

aperture  apd  front  mirror  to  obtain  the  best  appearing 

I  .  *•  ‘  •  ,  ’  : 

burn  pattern. 

i  ,  ! 

e.)  It  should  be  mentioned  that  19mm  diameic.  ri'is  utilized 
•  i  '  1 

in  this  oscillator,  but  only  a  three  mil  i  ice ter  section 

>  ,  i  '  1 

near  the  center  is  selected  bv  the  apertur-*  hs  the  lasing 
region.  This  might  affect  the.  r '-suits  we  are  obtaining, 

i 

since  the  thermal  profile  would  be  different  f#r  a 
smaller;  rod.  ' 

l 

s  J  '  1 

i  . 

I  '  . 

■  i  ,*  i.  1 

I 

’  J 
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)  Ascertai nment  ot  the  presence  of  the  TEW0o  mode  - 
The  evidence  we  have  for  TQioo  operation  is  fourfold: 

a. )  The  hurn  pattern,  in  the  near  and  far  fields,  shows  the  correct 

profile  when  taken  through  various  neutral  density  filters. 

b. )  The  presence  of  a  higher  order  mode  manifests  itself  quite 

obviously  in  the  bum  pattern  if  the  mode  selecting  aperture 
used  1 s  too  large  or,  eften,  if  a  damage  site  occurs  in  one  of 
the  optical  components  in  the  cavity.  This  obvious  shifting 
from  mode  to  mode  is  conclusive  evidence  that  the  laser  is 
operating  in  a  single  spatial  mode. 

c. )  The  output  beam  exhibits  spatial  coherency  across  its'  entire 

cross-section.  This  is  evidenced  by  the  observation  of  a 
relatively  large  hole  in  the  bum  pattern  after  the  beam  has 
passed  through  an  amplifier  rod  with  an  inclusion  in  the  path 
of  the  beam.  The  inclusion  leads  to  pronounced  diffraction 
effects  in  the  single  mode  case,  but  does  not  manifest  itself 
at  all  in  the  burn  pattern  when  the  laser  is  operating  multimode. 

d. )  The  output  beam  is  temporally  satisfactory  across  its  complete 

cross-section. 

)  Energy  extractable  from  oscillator  -  The  amount  of  energy  obtainable 
from  this  oscillator  is,  for  an  aperture  of  given  diameter,  limited 
not  by  the  lasing  quality  of  the  rod,  but  by  the  damage  threshold  of 
the  intercavity  elements.  We  have  been  able  to  obtain  as  much  as  800mj, 
using  a  3mm  aperture,  in  the  TEMoo  mode.  This,  however,  rendered  the 
intercnvity  power  density  far  above  the  damage  threshold  of  the  optics. 
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Hence  the  final  design  of  the  oscillator  will  be  such  that  the  inter- 

2 

cavity  power  density  will  never  exceed  0.5  gi gawatt s/cm"  at  any  time 

or  position.  This  means  that  the  temporal  and  spatial  shape  of  the 

output  pulse  must  be  taken  into  account  when  peak  intercavity  power 

densities  are  calculated.  We  have  used,  as  an  acceptable  approximation, 

a  factor  of  2  in  both  the  temporal  and  spatial  cases  in  calculating 

peak  power  densities  inside  the  cavity.  That  is,  the  peak  power  density 

is  considered  to  be  approximately  four  times  as  great  as  that  calculated 

from  a  consideration  of  the  average  power  densities  in  space  and  time. 

Since  the  intercavity  power  density  at  the  output  mirror,  where  it  is 

greatest,  is  related  to  the  output  power  density  as 

Pln=  Pout  g L  t  1  . 

R  -  1 

where  R  is  the  reflectivity  of  the  output  mirror,  and  since  we  are 

utilizing  a  mirror  with  a  reflectivity  of  28°/.,  we  can  conclude  that 

the  average  output  power  density  must  he  no  more  than  approximately 

one  eighth  of:  damage  threshold  if  the  intercavity  elements  are  to  have 

a  long  lifetime  without  damage.  This  means,  then,  that  power  densities 

2 

of  slightly  less  than  100  megawatt  s/cm*"  can  be  safely  extracted  from 
the  oscillator. 

Considering  the  high  gain  per  pass  achievable  with  the  9"  of  pumped 
rod  in  this  oscillator,  it  is  possible  that  the  reflectivity  of  the 
output  mirror  can  be  reduced  and,  consequently,  the  amount  of  energy 
extractable  from  the  oscillator  increased.  This  will  be  investigated. 
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The  most  damage  prone  elements  in  the  cavity  have  proven  to  be  the 
Brewster  stack  glass  polarizers,  and  the  KD*P  crystal  in  the  Pockels 
cell.  The  laser  rod  does  not  damage  anywhere  near  as  easily  as  any 
of  these.  It  Is  possible  that  polarizers  made  of  ED-4,  which  is  the 
same  material  as  the  laser  rod  except  that  it  contains  no  Neodymium, 
will  improve  the  situation  and  allow  operation  at  higher  power 
densities . 

One  might  conclude  that  since  the  energy  out  of  the  oscillator  must  be 
limited  due  to  the  possibility  of  damage,  a  shorter  laser  rod  could  be 
used.  We  have  attempted  to  use  a  shorter  rod,  4"  of  which  was  pumped. 

The  result  was  that  the  gain  was  not  sufficient  to  produce  lasing  action 
without  relatively  hard  pumping.  This  leads  to  thermal  problems  and 
makes  the  TEMoo  mode  more  difficult  to  achieve  and  maintain.  In  an 
oscillator  of  this  kind,  it  seems  best  to  use  a  longer  rod  than  one 
might  think  necessary  from  an  energy  standpoint. 

Another  factor  which  appears  to  affect  the  energy  of  the  oscillator,  at 
a  given  pumping  level  and  with  an  aperture  of  given  size,  is  the  geometry 
of  the  aperture.  In  an  effort  to  keep  the  output  cleaner,  we  have  been 
using  a  metal  disk  with  the  aperture  in  it  at  the  end  of  a  truncated 
cone.  Figure  25  shows  this  geometry.  The  inside  of  the  cone  is  bright 
metal.  Using  this  aperture,  as  opposed  to  one  formed  by  simply  drilling 
a  cylindrical  hole  through  a  disk,  the  output  of  the  oscillator  is 
approximately  307.  higher  at  a  given  pumping  level.  A  reasonable 
explanation  for  this  is  that  scattering  from  around  the  cylindrical 
aperture  is  depleting  the  upper  lasing  level  through  off  axi6  photons 
scattered  through  the  lasing  volume. 
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FIGURE  25  -  Cross  section  of  Intercavity  Aperture 


-*5- 


The  oscillator  for  the  damage  study  laser,  then,  is  essentially 
complete.  Only  some  optimization  remains  to  be  done.  It  is  expected 
that  200-300  millijoules  will  be  obtained  in  a  20-40ns  pulse.  This  will 
be  in  the  TEM00  mode  with  a  well  behaved  temporal  profile  across  the 
entire  beam. 

Flans  for  the  near  future  call  for  the  Installation  of  an  optical 
shutter  to  obtain  pulses  as  short  as  two  or  three  nanoseconds.  Besides 
this,  of  course,  the  amplifier  chain  will  be  assembled  and  the  final  beam 
characterized.  All  of  this  should  be  achieved  within  the  next  two  to  three 
months. 
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4.  PARTICULATE  DAMAGE  STUDIES 


PRACTICAL  APPLICATION  OF  THERMODYNAMICS  TO  LASER  GLASS  MELTING 


4.1  INTRODUCTION 


Platinum  inclusions  in  laser  glass  appear  to  be  caused  by  migration 
of  Pt  as  platinum  oxide.  Gas  phase  transport  is  possible  with  Pt02(gas) 
being  the  major  intermediate  species;  whiskers  and  platelets  are  expected 
morphologies.  Transport  through  the  glass  as  a  platinum  oxide  complex 
may  also  be  possible. 


The  Pt  metal  can  be  stabilized  with  respect  to  its  oxide  by  reducing 
a  partial  pressure  of  0„  (Pn  ).  In  stabilizing  the  Pt  metal,  the  oxides 

L  V2 

in  the  glass  melt  are  destabilized  in  favor  of  their  metals  resulting  in 
the  formation  of  Pt  alloys.  The  following  reactions  illustrate  this 
problem. 


Pt(pure  metal)  +  O^gas)  -  Pt02(gas)  Cl) 

Si  (in  solid  Pt  alloy)  +  02(gas)  -*  Si02  (in  laser  glass  melt)  (2) 

As  the  P0  is  reduced,  both  Si  and  Pt  are  stabilized  with  respect  to  their 
2 


oxides.  It  is  apparent  that  the  Pn  must  be  chosen  so  that  the  P_„ 

rr  °2  Pt02 

is  as  low  as  possible  without  the  laser  melt  oxides  /educing  to  the  metal 

and  attacking  the  Pt  crucible.  In  order  to  determine  the  Pn  at  which  all 

u2 

glass  components  react  with  Pt  in  a  detrimental  way,  the  standard  state 
free  energy  for  Reaction  (1)  and  those  for  reactions  similar  to  Reaction  (2) 
for  all  oxides  in  laser  glass,  the  thermodynamic  activities  of  the  various 
oxides  in  las^r  glass,  and  the  thermodynamic  activities  of  the  corresponding 
metals  in  platinum  must  be  known. 
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The  standard  state  free  energy  of  Reaction  (1)  has  been  determined 

by  A 1  cock  and  Cooper*.  The  standard  state  free  energy  for  the  formation 

'  ■>  1  2 

of  the  common  oxides  (MeO  )  :  have  also  been  determined  .  The  £F° ' s 

L  X 

correspond  to  the  energy  difference  between  reactants  and  products  when  the 
solids  and  liquids  are  pure  and  when  the  gases  are  at  l  atm.  of  pressure. 

The  thermodynamic  activities  yet  to  be  determined  take  into  account  that 
the  oxides  are  in  a  glass  solution  and  that  the  metals  are  in  the  platinum 
alloy.  The  desired  activities  are  not  available  from  past  scientific 
studies.  The  goal  of  this  effort,  therefore,  is  to  determine  the  acti¬ 
vities  of  oxides  in  laser  glass  and  the  activities  of  the  metals  of  the 
laser  glass  in  platinum. 

During  the  1971  fiscal  year,  emphasis  has  been  placed  upon  (1)  a 
literature  search;  (2)  the  estimation  and  (3)  the  experimental  determination 
of  the  activities  of  oxides  in  laser  glass  and  of  metals  in  platinum. 

The  main  emphasis  of  the  1972  fiscal  year  is  to  reduce  to  practice 
the  concept  of  melting  laser  glass  under  reduced  oxygen  partial  pressures 
in  order  to  eliminate  Pt  inclusions. 
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4.2  LITERATURE  SEARCH 


3 

The  Semi-Annual  Technical  Report  submitted  on  January  l,  1971 
contains  the  bulk  of  the  literature  Bearch  on  thermodynamic  activities. 
Appendix  I  of  this  report  adds  additional  references  not  listed  previously. 
Appendix  I  is  divided  into  the  same  headings  used  in  the  semi-annual  report: 

1.  Activities  of  Oxides  in  Binary  and  Ternary  Systems; 

2.  Activities  of  Metals  in  Platinum 

3.  General  Data  on  Similar  Systems  and  Methods  of  Estimating  Thermodynamic 
Activities,  Free  Energies  of  Formation,  and  Heats  of  Formation. 

This  is  the  first  attempt  of  gathering  and  consolidating  activities 
of  oxides  and  of  platinum  alloys  to  appear  in  a  literature.  Several  data 
banks  and  individual  authors  have  contributed  to  the  bibliography. 
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4.3  DETERMINATION  OF  ACTIVITIES 


A .  Empirical  Study 

For  the  literature  search  several  glass  compositions  were 
considered,  as  presented  in  Table  2.  The  empirical  determination 
of  activities  was  narrowed  to  one  glass  composition,  composition  #5 
in  Table  2,  a  Li pO-CaO-SiOp-Nd^O,  glass. 

The  analytical  technique  which  was  developed  and  used  at  Battelle  was 
particularly  applicable  to  the  overall  project.  Basically,  the  analytical 
technique  consisted  of  equilibrating  the  laser  glass  with  a  small  piece  of 
platinum.  After  the  equilibration,  the  platinum  was  placed  in  a  Knudsen 
cell  and  the  activities  of  the  various  metals  from  the  laser  glass  picked 
up  by  the  platinum  were  measured.  Since  the  platinum  had  been  equilibrated 
with  the  laser  glass  and  since  the  free  energies  of  formation  of  the  oxides 
have  been  previously  determined2,  the  activities  of  these  oxides  in  the  laser 
glass  could  be  calculated.  The  details  of  the  analytical  technique  are 
described  in  Appendix  II. 

There  are  two  basic  advantages  to  the  analytical  technique.  First, 
with  a  minimum  amount  of  experimentation  and  time,  activities  wer*  determined 
in  the  platinum  and  in  the  laser  glass.  Second,  several  oxide  activities  were 
determined;  direct  measure  of  the  oxide  activities  by  placing  the  glass 
directly  into  the  Knudsen  cell  would  have  given  only  the  oxide  activity 
related  to  the  most  volatile  species,  probably  only  Lin0. 
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TABLE  2 

LASER  GLASS  COMPOSITIONS  OF  COMMERCIAL  INTEREST 


Component 

Mole  Tract 

j 

Si02 

0.76  o 

BaO 

o.oia 

N'a20 

0.080 

k2o 

0. 112 

Nd203 

0.010 

S  iO-) 

0.719 

ai2o3 

0.0  LA 

Sb203 

0.002 

BaO 

O.OL4 

ZnO 

0 .01  7 

Li20 

0.02  i 

N'a20 

0.068 

k2o 

0.1  1J 

NcJ003 

0.01.0 

Si02 

0.791 

TiOo 

0.004 

Sb2°3 

0.005 

BaO 

0.018 

I’bO 

0.006 

Na  ;0 

0.045 

k2o 

0.1,26 

NdjO  j 

0.006 

J 

I 

I 

! 


i’AIU.h  2 

i.ASLK  f.l.ASS  CuMI'OS  1  1  lo:;S  OF  COMMERCIAL  I NT  K  Hi!  SI  _(e*  at  ’d) 


Component 

Mole  Fraction 

SiO-, 

0.480 

aL.o3 

0.174 

A  1  1 0  j 

0.073 

As20  j 

0.07  3 

baO 

0.255 

Nd  <0  ^ 

0.013 

S  i02 

0.593 

AijOj 

0.025 

k2o 

2.12  X  10“7 

Ce02 

1.6  X  10"3 

Fo-»t)j 

9.4  X  10-8 

Na20 

9.42  X  10“7 

Li20 

0.275 

.Nd^03 

0.005 

CaO 

0.100 

Si02 

0.762 

al2o3 

0.017 

Sb_,03 

0.002 

baO 

0.023 

ZnO 

0.017 

I.i20 

0.023 

N 1  i  2  0 

0.077 

k2o 

0.080 

NdnOj 

0.010 

52 
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.  TABLE  2 

LASER'  GLASS  COMPOSITIONS  OF  COMMERCIAL  INTEREST  (coin'd) 


Glass  No. 


Component 


Fraction 


Si02' 


ai2o3 


N  d  2  0  •■> 


.012  ! 


0.773 


Sb203 


Q.,002, 


0.113 


0.100 


0.013 


];.  Results  of  Empirical  Study 

The  doienni nod  activities  are  presented  in  Table  3. 

The  Liviiy  of  aluminum  in  platinum  (/.][*)  i s  given  at  ’300°K 
See. '.use  insufficient  data  were  available  to  empirically  extrapolate  to  the 
desired  170C°K. 

The  A8!a*sM1700°K  cannot  be  calculated  without  an  estimate  of 

Al  ^ 

aVj  >1700°E  hec.iu.se  the  long  term  equilibration  was  carried  out  at  this 

temperature.  As  Lite  partial  pressure  of  oxygon  is  reduced,  the  activities 

Pt 

of  the  metals  in  pi  tinum  (A^e)  increases  as  their  mole  fractions  in 

platinum  (:<Jj£)  increase  which  is  expected.  From  the  relation:  * 

Pt  Pt  pt 

Me  “  Me’  t"e  ;lcC>vity  coefficient  of  the  various  metals  in  platinum  (Y^e) 

can  bo  calculate'!.  They  are  presented  in  Table  4.  In  general,  several 

metallic  systems  follow  Henry1 sLaw;  that  is,  the  activity  coefficient  is  not 

a  functionof  composition  in  dilute  solutions.  From  Ttble  4,  however,  it 

can  be  scon  that  the  activity  coefficient  of  one  of  the  important  metals, 

silicon,  is  varying  significantly  with  the  partial  pressure  of  oxygen. 

Extrapolation  of  the  activity  data  to  other  compositions  will  be  more 

difficult.  The  activity  coefficient  of  ".lie  other  metals  in  platinum  do  not 

appear  to  be  strong  functions  of  composition  in  the  dilute  solution  range. 

The  activities  of  the  oxides  in  the  laser  glass  art  not  varying 
significant]  v  with  the  partial  pressure  of  oxygon  as  indicated  in  Table  3. 
This  is  to  be  expected  because  the  composition  of  the  laser  glass 
equilibrated  with  the  platinum  at  the  various  partial  pressures  of  oxygen 
has  not  changed  composition. 
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TABLE  3 


EXPERIMENTALLY  DETERMINED  ACTIVITIES  OF  COMPONENTS 
IN  PLATINUM  AND  IN  CLASS  AT  EQUILIBRIUM  AT  1700°K 


Activities 

<*Si> 

and  Mole 

Pt 

Frictions  (XM>) 

of  Metals  in  Plat 

I1 

'o  (atm)  durinp 

4. 

Equi 1 i brat  ion 

I0*,‘ 

urH 

i0-lu 

aPl 

ASi 

lix!0"14 

'j.'ixlO-12 

-10 

3x10 

xPL 

xSi 

H ,  0  x  1  0  " f 

-4 

2.8x10 

3.3x1 0*^ 

APt 

Au 

10*9 

!0-8 

2x10* 8 

Pt 

XLi 

5xlO-5 

2.5xlO*4 

-4 

4.0x10 

aJJ@2300°K 

2xIO~7 

t.4xlO*6 

1  . lxlO*5 

XPC 

XAI 

3.3xl0*5 

4 . 7xlo"5 

1.5xl0*4 

APt 

ACa 

™  m 

2x10* 10 

9xl0"U 

xPc 

xCa 

m  m 

4.0xl0*5 

9xl0*r 
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TABLE  3  (Cont'd) 


EXPERIMENTALLY  DETERMINED  ACTIVITIES  OF  COMPONENTS 
IN  PLATINUM  AND  IN  GLASS  AT  EQUILIBRIUM  AT  1700°K 


Activities 


glass 

ASi02 


X 


glass 

Si02 


glass 

ALi20 


glass 

Li20 


glass 

aA1203 


A 


glass 

CaO 


glass 

*CaO 


(A^^QSS)atid  Mole  Fractions  (xjfeQ*8)  Oxides  in  Glass 


(atm)  during  Equilibration 


1° 

0.3 


-6 


10 

0.28 


•8 


10 

0.15 


-10 


0.593 


0.593 


0.593 


10 


-11 


10 


6x10 


-10 


0.275 


0.275 


0.275 


0.025 


0.025 


0.025 


1. 


0.1 


0.100 


0.100 


0.100 
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TABLE  4 

ACTIVITY  COEFFICIENTS  FOR  CONSTITUENTS  IN  PLATINUM 


Element 


Pn  for  Equilibrium 


10 


-6 


10 


10 


•10 


Si 


7x10 


-10 


2x10 


-3 


9x10 


-7 


Li 


2x10 


-5 


4xl0‘S  5xl0“5 


A1 


6x10 


-3 


-2  -2 

3x10  7x10 


Ca 


5xl0-6  lxlO"6 
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4.4  ESTIMATES  BASED  UPON  THEORETICAL  MODELS  COMPARED  TO  OBSERVED  DATA 


Now  chat  activity  data  are  available  for  the  platinum  and  oxide  ayatems 
of  interest,  the  theoretical  models  for  estimating  thermodynamic  data  reported 
in  the  Semi-Annual  Technical  Report'1  of  1  January  1971  can  be  tested. 

A.  Motts  Emissiblllty  Criterion 

A  method  of  estimating  the  heat  of  formation  of  various  metallic 

!  •  I 

compounds  (ABr)  was  attempted  from  B.  W.  Motts'  emissibillty  criterion. 

The  estimations  of  several  metallic  compounds  were  not  found  to  be  successful. 
Actually  this  is  not  surprising.  The  Mott  expression  for  the  heat  of  formation 
is  the  sum  of  the  heat  of  formation  used  in  the  Pauling  model  and  the  heat  of 
formation  used  in  the  Hildebrand  model.  Both  models  by  themselves  estimate 
the  heat  of  formation  quite  well  for  the  particular  classes  of  compounds  for 
which  they  were  developed;  Pauling's  model  works  well  for  ionic  and  covalent 
bonded  compounds  and  Hi 'debrand's  model  works  well  for  emmisslble,  molecular 
solutions.  Isolated  successes  have  been  obtained  by  applying  these  models  to 
metallic  systems.  By  adding  the  heat  of  formation  from  the  two  models, 
however,  one  obtains  an  expression  which  is  redundant;  adding  the  two  models 

4 

together  is  not  the  same  as  applying  a  correction  factor  to  one  of  the  models  . 

e 

As  an  example,  consider  one  model  giving  an  estimate  of  (ABn)  *  -40 

O 

kilocal lories  per  mole  and  some  other  model  giving  an  estimate  of  /$£  (ABn)  * 

50  kllocallorles  per  mole.  It  would  not  be  appropriate  to  combine  the  two 
models  and  estimate  the  (ABn)  to  be  -90  kllocallorles  per  mole.  B.W.  Mott 
may  have  found  his  expression  appropriate  for  determining  whether  or  not  a 
metallic  system  is  going  to  be  immissible,  but  it  is  not  an  appropriate  model 
for  determining  a  heat  of  formation  of  metallic  compounds. 
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B .  Electronegstivi ty 


The  Semi-Annual  Report3  indicated  that  when  more  reliable 
data  were  available  from  the  empirical  Battelle  study,  Pauling's  electro¬ 
negativity  scale  could  posaibly  be  re-evaluated  for  the  platinides.  If 
Li,  Ca,  Al,  and  Si  are  considered  to  be  the  same  family  of  compounds,  one 
could  evaluate  a  new  value  for  the  electronegativity  of  platinum  (Epf) 
which  stay  be  more  appropriate  for  the  platinides  of  interest.  If  the 
electronegativity  of  platinum  is  constant  for  these  alloys,  one  may  also 
expect  the  electronegativity  of  platinum  to  be  constant  for  the  other 
metals  of  interest,  such  as  Na,  K,  and  Mg.  Instead  of  using  a  heat  of 
!  •  * 

formation  1  dH^  (Me?tx)  it  was  suggested  that  the  excess  molar  free  energy 

f-xs  PT 

in  the  limit  of  the  dilute  solution  F^e  »  -RT  lnv  Me  (in  Pt  soln, 

-xs  ! 

lira  X^e  -•  0)  «  may  be  more  appropriate.  Such  a  term  removes  the 

-xs  ° 

compositional  variance  of  activity;  F  is  similar  to  a  .  (MePt  )  except 
that  the  compositional  dependence  has  been  removed.  If  it  is  assumed  that 
the  activity  coefficient  in  the  dilute  range  are  composition  independent, 
the  excess  free  energies  dan  be  calculated  from  Table  A  and  used  in  the 
Pauling  equation  in  order  to  determine  an  electronegativity  value  for 
platinum  (Ept) .  Table  h  lists  the  data  used  in  the  calculation.  Column  1 
lists  the  metallic  element  of  interest.  Column  2  lists  the  Pauling  electro¬ 
negativity^  of  the  corresponding  element.  Column  4  lists  the  number  of 

valence  electrons  (n).  Column  5  is  the  calculated  platinum  electronegativity 

.  2 

using  the  Pauling  equation:  dHr  (AB  )  ■  -n  (2306C)  (E  -E,  )  .  Because  the 

in  a  t) 

electronegativity  for  platinum  (Ept)  does  vary  significantly,  using  the 
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TABLE  5 

CALCULATION  OF  A  REVISED  VALUE  FOR 

the  electronegativity  of  Pt 


Pt 

YMe 

Met  il 
Element 

**  * 
o 

cn 

Pt 

(1  inX>je  *0) 

From  Table 

n 

LPt  =  EMe 

1 

u  23,060  n  j 

I.  i 

1.0 

4x10 

1 

2.2  2 

Cu 

1.0 

-0 

5x10 

2 

1.95 

A1 

1.5 

_  > 

3x10 

3 

1.91 

S  i 

1.90 

-B 

2x10 

4 

2.71 
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1/2 


Pauling  electronegativity  expression  in  order  to  calculate  heats  of 

formation  ( aH®  (MePt  ),  excess  free  energies  (PX#) ,  or  activity 
t  x  Me 

Pt 

coefficients  (V^e)  for  other  metals  of  interest  in  platinum  would  not 
be  accurate  to  within  2  orders  of  magnitude.  Note  that  che  electro¬ 
negativity  of  platinum  does  not  appear  to  be  due  to  the  choice  of  n  values. 

The  experimentally  determined  activities  of  the  oxides  in  the  laser 
glass  composition  #5  are  compared  to  the  estimates  made  in  the  Semi-Annual 
Report  in  Table  6.  The  method  of  estimating  the  activities  of  oxides 
i^  not  satisfactory  if  the  activities  are  desired  within  two  orders  of 
magnitude. 
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TAliLL  6 

CUMl’AK i  SON  iihl'Vi'KN  OBSliKVMD  AXD  i-ST iMAJLD 

acti vn  n:s  or  ox i Dies 


A 

MeOj. 


Ox  ido 

Observed 

Ks_t  ir.ated 

1.  i  ;0 

10"9  Co  10_L1 

6x10"° 

CaO 

1  to  0.1 

SxlO_i 

S  i02 

0.3  -  0.15 

0.37 
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4.3  MORPHOLOGIES  OF  PJ./T1HUM  INCLUSIONS 


Platinum  inclusions  have  been  found  to  occur  is  four  different  tvpo* 
of  morphologies .  Whiskers  and  pi. a  to  lots  (sue!)  as  irian  ;los  and  polygons) 
have  usually  boon  attributed  to  the  v  tpor  phase  growth  of  tlio  ncltisions. 

Figure  2t>  compares  n  local  devitrification  (left)  to  .  platinum  whisker 
surrounded  by  some  devitrification.  I  rurv  not  works  ,.p.d  igglome rates  have 
been  attributed  to  precipitation  »‘ron  so]  id  solution  tnev  may  ]  so  be 
caused  by  localized  heatin’  of  tV  1’  crucible  when  n  induct! or  ‘urn.  o 
is  used. 

Photomicrographs  of  the  'lass  samples  u.cd  in  the  eon i ] : bre t i on 
uid  determination  of  activities  at  Battel  le  art*  shown  in  Figure  7. 

Initially  the  "lass  was  made  from  letch  in  nitro’en  atmosphere  for 

24  hours.  Microscopic  examination  indicated  that  no  pi  cinum.  inclusions 

were  present  ;  ftor  this  heating.  The  tot  1  I  t  content  was  an.  lvtod 

and  found  to  be  approximately  1.5  ppma.  The  ;l.-.ss  '•ample  was  then  equilibrated 

for  lob  hours  .at  the  various  partial  pressures  of  o.-a*  ;cn  v.wed  in  the  ntud>: 

]>  =■  .10"’ ,  JU"S  and  If  '  U  tn. 

1  2 

The  tool  platinum  concent  was  an  lystod  a*,  in  ..nd  found  to  be  npproxim.  cely 
0 . o  ppma . 

The  decrease  in  total  Pt  content  of  the  glass  from  1.5  to  0.  ppma 
may  have  been  caused  by  omo  cf  the  Ft:  in  the  'lass  precipitating  or.  the  Pt 
.•a  -’ible  and  submerged  wire  in  the  Iona,  term  cquilihr:  tion;  since  a  small 
sample  si  ze  was  used  the  surface  to  volume  ratio  was  hi  di .  The  1.5  ppm a  w.  s 
obtained  by  fire  assay  on  a  30  g.  ."ample  while  the  f’#n  ppm...  v.<-  obtained 
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INCLUSIONS  IN  PRODUCTION  LASER  GLASS 


not  reproducible 


-10 

FIGURE  27  -  !’t  SPARKLER  EFFECT  IN  LASER  GLASS  MELTED  AT  =  10  atm 


with  a  Kiii.itl  on  del  1 -Muss  Spectrometer  on  .1  loss-  L ti .  n  min  gram  sample. 

The  difference  in  s  anpic  ;  i  ;*.e  and  the  difference  in  analytical  methods 
may  also  account  for  the  observed  difference.  Microscopic  examination 

tin  »,]  ••  ss  showed  a  new  typo  of  inclusion  best  described  ns  a  "salt  effect" 
Fi  jure  27  is  representative  of  the  samples  used  in  the  lone,  term 
equilibration.  The  low  magnification  photomicrograph  on  the  left  shows  the 
large  number  of  inclusions  and  the  photomicrograph  on  the  right  shows 
the  very  small  size  of  the  inclusions.  (The  b'ight  spot  in  the  low  power 
micrograph  is  a  surface  defect,  out  of  focus,  and  not  the  "salt"  effect 
discussed) . 

It  is  believed  that  this  type  of  inclusion  is  more  representative 
of  platinum  dissolution  and  precipitation  from  solution.  It  may  also 
indicate  that  l’c  can  be  precipitated  from  a  glass  heated  in  a  relatively 
oxygen  deficient  atmosphere,  such  as  !!  ,  by  exposing  the  glass  to  a  more 
reducing  atmosphere.  At  any  rate,  the  1‘On  ip  "  significant  parameter 
related  to  the  occurrance  of  platinum  inclusions  in  laser  glass. 


PLATINUM  FAILURE  VS.  Po2 

The  purpose  of  gathering  thermodynamic  data  and  experimentally 
determining  the  activities  of  the  oxides  in  glass  and  of  the  cor¬ 
responding  metals  in  platinum  was  to  predict  the  point  of  "failure" 
of  the  platinum  parts  in  contact  with  the  glass  during  the  melting 
operation.  Now  that  the  data  for  glass  composition  #5  have  been 
determined,  the  lowest  oxygen  partial  pressure  one  can  use  for 
melting  glass  composition  #5  in  platinum  without  failing  the  platinum 
can  be  predicted.  It  is  desired  to  reduce  the  partial  pressure  of 
oxygen  as  low  as  possible  in  order  to  minimize  the  partial  pressure 
of  Pt07  (gas)  above  the  melt  and  the  activity  of  the  corresponding 
platinum  oxide  complex  in  the  glass.  The  lower  limit  is  set  by 
platinum  failure. 

What  is  meant  by  platinum  "failure"?  Failure  would  occur: 

(1)  if  a  liquid  phase  was  formed;  (2)  if  an  intermetallic  compound 
formed;  or  (3)  if  a  large  increase  in  the  Pt  lattice  parameter 
(d  spacing)  occurred  on  addition  ot  metal  contamination.  Most  of 
the  metal-platinum  phase  diagrams  of  interest  are  not  available. 

For  those  which  are  available,  ~  1  at  .1  of  the  metal  in  platinum 
can  be  dissolved  before  failure  would  be  expected. 

The  details  of  the  thermodynamic  calculations  in  order  to 
estimate  the  partial  pressure  of  oxygen  required  for  platinum  failure 
are  presented  in  Appendix  HI.  The  results  of  the  calculation  are 
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presented  in  Table  7.  The  first  column  lists  the  metal  in  platinum 
solution  expected  to  cause  the  failure.  The  second  column  lists  the 
partial  pressure  of  oxygen  required  for  failure. 


Platiman  failure  is  expected  to  occur  by  silicon  attack  somewhere 

.11  -13 
below  10  atm.  and  possibly  not  until  10  atm.  at  17008K  (2600°F). 

The  lithium,  aluminum  and  calcium  are  not  expected  to  cause  the  platinum 


metal  failure  until  a  lower  Prt 

°2 


is  reached  within  the  glass. 


From  the  equilibration  studies,  it  was  experimentally  determined 

that  laser  glass  could  be  melted  in  platinum  at  an  oxygen  partial  pressure 
-10 

of  10  atms.  at  1700°K  without  experiencing  failure.  The  low  partial 
pressure  of  oxygen  for  this  run  was  chosen  based  upon  the  two  previous 
equilibration  runs. 


During  the  next  fiscal  year,  a  small  scale  crucible  melting  program 

is  planned  to  melt  glass  composition  #5  in  platinum  at  partial  pressures 

-10 

of  oxygen  in  the  10  atms.  range  and  study  the  effect  of  the  oxygen 
partial  pressure  on  the  platinum  inclusions  and  life  of  platinum  parts. 
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TABLE  7 


ESTIMATED  P^'s  BELOW  WHICH  Pt  FAILURE  IS  EXPECTED 
FROM  THE  VARIOUS  GLASS  CONSTITUENTS  OF  COMPOSITION  IN  TABLEjfc> 


Element 


Si 


to  10 


-13 


atm. 


Li 


atm. 


Ca 


atm. 
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4.7 


SUMMARY 


1 .  Both  theoretical  considerations  and  a  change  in  the  Pq^  during 
the  melting  history  of  the  samples  used  in  the  Battelle  study  indicate 
that  the  partial  pressure  of  oxygen  is  an  important  parameter  to  control. 

2.  An  extensive  literature  search  has  been  compiled  on  the  activities 
of  metals  in  platinum  and  on  the  activities  of  oxides  in  glass. 

3.  Using  various  theoretical  models,  the  thermodynamic  activities 
of  metals  in  platinum  and  of  oxides  in  laser  glass  cannot  be  estimated 
within  two  orders  of  magnitude. 

4.  A  technique  was  developed  which  enables  the  simultaneous  determi¬ 
nation  of  the  activities  of  several  oxides  in  a  glass  composition  and 
the  activities  of  corresponding  metals  in  solution  of  one  of  the  more 
precious  metals,  such  as  Pt,  Pd,  Rh,  and  Ir. 

5.  The  thermodynamic  activities  of  LipO,  CaO,  A1„0,,  and  Si09,  have 
been  determined  in  a  Li pO-CaO-SiOp-NdpO,  laser  glass  at  3  Pq^'s. 

The  activities  of  the  corresponding  metals  in  platinum  have  also  been 
determined. 

6.  It  has  experimentally  been  determined  that  the  Li ?0-Ca0-Si0s-Nd?0, 
laser  glass  can  be  melted  in  platinum  at  an  oxygen  partial  pressure  of 

10  ^  atms.  without  crucible  attack.  Using  the  derived  thermodynamic  data 

-1  3 

it  appears  that  oxygen  partial  pressures  below  10  atm.  would  cause 
platinum  crucible  failure  at  1700®K  (2600°F). 
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APPENDIX  I 


BIBLIOGRAPHY 


The  following  are  addlcional  referencea  obtained  aince  the  laat 
report  period.  0.  Kubaachewaki  provided  aost  of  the  referencea  and 
the  c omenta  given  for  aoaie  of  the  referencea. 


The  following  aynbola  have  been  uaed: 


L  latent  heat  of  fuaion  of  A,  c  electronegativity  of  A 

A  A 

4  phaae  diagram  study, 

*  data  which  have  now  been  auperaeded, 

x  data  already  Incorporated  in  "Metallurgical  Thermochemistry" , 
Kubaachewaki,  0.  and  Evana,  E.LL.,  Pergaaon,  London,  1958. 

xx  data  already  incorporated  in  NFL-DCS.7  Report,  November,  1970 
(two  coplea  enclosed). 

x  solid  state 

{  )  liquid  state 
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1.1.  BINARY  SYSTEMS 
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1.1.26 

1.1.27 

1.1.28 

1.1.29 

1.1.30 
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1.1.33 

1.1.34 

1.1.35 

1.1.36 
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(formation),  sillinanite  by  solution  in  2PbO.B203,  Data  in 

this  paper  supersedes  soae  data  from  the  previous  one. 


Arlyuk,  B.I.,  Zhur.  prikl.  khln.,  1966,  39,  1196: 

<  Na20-Sio2  y  ,  \  CaO-A^Oj  ^  calculation  of  AH  (fusion). 


Baird,  J 
Ca0-Si02 


.D.,  and  Taylor,  J.,  Trans.  Far.  Soc.,  1958,  J54, 

,  fG  from  Si02  +  C  equilibrium,  1450-1550*C,  Hgi0 


526: 

m 

2 


0.434-0.660,  aSi()2 


Barany,  R.,  King,  E.G.,  and  Todd,  S.S.,  J.  Aster.  Chest.  Soc.,  1957, 

79,  3639:  Ba  and  Sr  silicates,  AH0,9g  (fersiation) ,  (solution  in  HP). 

Benz,  R. ,  and  Schmalzried,  H.,  Z  Phys.  Chen.,  N.F.,  1961,  29,  77: 
<PbO-Si02>  ,  64C°C,  e.n.f.,  Hpb0-  0.50-0.80,  (fomation) , 

<  PbSi03>  ,  ^  Pb2Si04N  ,  v  Pb4SiOfe\  . 

Benz,  R.  and  Wagner,  C.,  J.  Phys.  Chest.,  1961,  65,  1308: 
s  Ca2SiO4-Ca3Si207>  ,  v  Ca3Si207-CaSiO3>  ,  CaSiOj-SiOj  >  , 

e.n.f.,  700°C ,  AG,  /G^. 

Billhardt,  H.W.,  Giastech.  Ber. ,  1969,  42,  498: 

Pb0-Si02. 

M 

Blackburn,  P.E.,  Buchler  A.,  and  Stauffer,  J.L.,  J.  Phys.  Chen.,  1966, 
70.  2469:  Knudsen  effusion  and  weight  loft*  or  mase  spectronetry  *G° 
(fomation)  1250°C  \  Al^BjOg  x  ,  *5°  (fomation)  1500°C  Al^B^O^  \  . 

X  Bonnikson,  K.R.,  J.  Phys.  Chen.,  1955,  _59,  220: 
xx  Cp  (298-18C8K),  calcium  and  nagneslum  alunlnates. 

Burylev,  B.P.,  Vasilev,  V.V.,  and  Borovlck,  G.R.,  Zhur.Fiz.Khin. , 

1969,  43,  3057:  Calculation  of  fG°  (formation)  for  binary  liquid 
mixtures  of  Ti02  +  CaO,  MgO ,  FeO,  A1203  or  Si02. 

Callow,  R.J.,  Trans.  Far.  Soc.,  1951,  32,  370: 

fPbO-SiOj)  ,  apbQ,  aSio2»  1375K  derived  frots  volatilization  data  at 
1173-1473K,  Npb0-  0. 4-1.0,  Ng^  -  0. 2-0.9. 

Carter,  P.T.,  and  Macfar lane,  T.G.,  J.  Iren  and  Steel  Inst.,  1957, 

185,  54: 

fCaO-Al203 }  slags,  sulphur  equilibration  at  1500*C,  a^go*  *Al203* 


-73- 


1.1.37 


I 

I 

f 

I 


I 

* 


.1.1. 38 

1.1.39 
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1.1.41 

1.1.42 

1.1.43 

1.1.44 

1.  .45 

1.1.46 

1.1.47 

1.1.48 

1.1.49 


Carter,  P.T.,  and  Macfarlane,  T.G.,  j.  Iren  and  Steel  Inet.,  1957, 

185 ,  62:  Gas  equilibrium  CO-COj-SOj  mixture  at  1500*C  with  Ca0-S102 

slags,  activities  tabulated. 

Charette,  G.G. ,  and  Flengas,  S.N.,  Can.  Met.  Quart.,  1968,  7,  191: 
fpb0-S102‘l,  720-1 100*C,  e.a.f.,  «pbQ»  Np^g  “  0.40-0.85,  (second  law 

heats  and  entropies) . 

Cooper,  A.C.,  Kay,  D.A.R.,  and  Taylor,  J.,  Trans.  Brit.  Ceram.  Soc., 

1961,  60,  124:  {Al203-S102}  ,  H 3*  (formation),  1400-1600*C, 

equilibrium  study  using  the  raaction  3A1203<2S102  +  6C  -  3  A1203  + 

2SoC  -  4CO. 

xx  Coughlin,  J.P.,  J.  Amer.  Chem.  Soc.,  1956,  78,  5479: 

AH° 298  (formation) <  Ca0.Al203  >  ,  (  12Ca0.7Al203)  ,  «(  3Ca0.Al203  ) 
solution  calorimetry  in  HC1. 

Coughlin,  J.P.,  and  O'Brian,  C.J.O.,  J.  Phya.  Cham.,  1957,  61,  767: 

Heat  contents  y-Ca2S104  (298-U13K);  P-Ca2S104  (298-1816K). 

x  Coughlin,  J.P.,  and  Orr,  R.L.,  J.  Amer.  Chem.  Soc.  ,  1953,  75.  530: 
xx  mots  and  orthotltanates  of  barium  and  strontium;  Cp  (298-1800K). 

Darken,  L.S.,  and  Gurry,  R.U.,  "physical  Chemistry  of  Metals", 
McGraw-Hill,  New  York,  1953,  340: 

Calculated  integral  Gibbs  energy  of  mixing  for  TcaO}  and  {S1Q2}  at  1600*C. 

d  De  Vries,  R.C.,  Roy,  R.,  and  Osborn,  E.F.,  Trans.  British  Ceram.  Soc. 

1954,  53,  525:  Ti02-Si02. 

*  Fine ham,  C.J.B.,  and  Richatfdson,  F.D.,  Proc.  Roy.  Soc.,  1954,  A223,  40: 
rCaO-Al203],  Gas  equilibration  at  1350-1650*C,  using  H2/C02/S02, 

IP*  (formation). 

*  Flood,  H. ,  and  Knapp,  V.J.,  J.  Amer.  Ceram.  Soc.,  1957,  40,  206: 
estimate  of  Gibbs  energies  of  formation  for  silicates. 

Fyffe,  W.S.,  Amer.  J.  Sci.,  1969,  267,  291: 

andaluslte-slllimanlte  transition,  general  discussion  of  A12S103 
polymorphism. 

Grebenehlkov,  R.G.,  and  Toropov,  N.A.,  Izv.  Akad.  Nauk,  SSSR,  Otdel 
khim,  Nauk,  1962,  (4),  545: 

Ba0-Si02. 

*  Haskell  and  De  Vries,  R.C.,  J.  Amer.  Ceram.  Sec.,  1964,  47,  202: 
estimate  of  Gibbs  energy  of  formation  of  kyanite. 
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1.1.52 

1.1.53 

1.1.54 

1.1.55  x 

XX 

1.1.56 

1.1.57 

1.1.58 

1 . 1 . 5  ) 

1.1.60  4 
1.1.61 

1.1.62 

1.1.63 


Ho  H. ,  and  Yanagase,  T. ,  Trans.  Japanese  Inst.  Metals,  1960,  1  (2), 115: 
fPb0-Si02 }  ,  800-1150°C ,  Hs1(j2  -  0.30-0.55,  e.m.f.,  aSi02>  a,"0. 

Holm,  J.L.,  and  Kleppa,  O.J.,  Inorg.  Chem.  1966,  5,  698;  Amer.  Mineral, 
1966,  51,  1608;  J.  Phya.  Chem.,  1966,  JO,  1690: 

^°968  (^•nn*ti*n)  kyanite,  andalusite,  ailliaanite  and  aulllta  by 
solution  in  3 ?ad  and  cadmiua  barates. 

Hummel,  C.,  and  Schviete,  H.E.,  Glastechn.  l\er.,  1959,  J2,  413: 
v'Na2SiC?)  ,  heat  af  formation,  N^o  -  0-0.50,  (solution  in  HP  at  25*C). 

Kelley,  K.K.,  U.S.  Bureau  Mines  Report  Investigation,  1961,  No.  5901: 
Ca0-SiO2. 

King,  E.G.,  J.  Amer.  Chem.  Soc.,  1957,  79,  5437: 

<  Ca2Si0^>  ,vCa3Si07  >  ,  CaMgSi206  ,  CaAl2Si20g  ,  Cp(51-298K). 

King,  E.G.,  J.  Phys.  Chem.,  1955,  59,  218: 

Cp  (51-298K),  crystalline  calcium  and  magnesium  Alumina tea. 

King,  E.G.,  J.  Amer.  Chem.  Soc.,  1951,  73,  656;  1952,  74,  4446: 
fi-Ca2Si0^,  Ca^iOj,  AH° 2gg  (formation),  also  MnSiO^,  Fe^iO^  and 
Zn2Si0^,  (solution  in  HP). 

Kitayama,  K.,  and  Katsura,  T. ,  Bull.  Chem.  Soc.  Japan,  1968,  41,  525: 
fG°  (formation),  1300”C.,  Fe2S10^,  quenching  of  melts  of  FeO  +  S102 

in  C02-H2. 

Kohler,  M.F.,  Barany,  R.  and  Kelley,  K.K.,  U.S.  Bureau  Mines  Rep. 
Investigation,  1961,  No.  5711:  <  Ca0-Al203. 5 

Kozuka,  Z.,  and  Samis,  C.S.,  Met.  Trans.,  1970,  1,  871: 
fPb0-Si02]  ,  900-1000°C  ,  e.m.f . ,  apbQ,  a  g  ,  Ng^  -  0-0.625. 

Kubo,  T. ,  and  Shinriki ,  J.  Chem.  Soc.  Japan,  Ind.  Chem.  Section  1951, 

54,  268:  Ba)-Ti02. 

Larson,  H. ,  and  Chipman,  J.,  Trans.  Met.  Soc.,  AIME ,  1953,  197,  1089: 
Oxygen  activity  by  C0-C02  equilibration  at  1550"C  for  one  lime-silica  slag 

Matsushita,  Y.,  and  Goto,  K.  ,  Tetsu  To  Hagane  Overseas,  1964,  4,  (2), 128: 
fPb0-Si021  ,  800-1100°C,  oxygen  pressure  measured  in  an  e.m.f.  concen¬ 
tration  cell,  and  activities,  Gibbs  energy,  heat  and  entropies  of  mixing 
are  shown  graphically. 

Orr,  R.L.,  J.  Amer.  Chem.  Soc.,  1953,  75,  528: 
heat  content,  Fe2Si0^,  298-1800K. 
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1.1.64  Ostvold,  T. ,  and  Kleppa,  O.J.,  Inorg  Chem.,  1969,  8,  rl  ]  ,  78: 

-'PbO-SiOj''  .  (formation),  NgiQ^  -  0.205-0.495,  partial  heat* 

also  determined  and  combined  with  activity  data  ta  give  entropies. 

1.1.65  Pankratz,  L.B.,  and  Kelley,  K.K. ,  U.S.  Bur.  Hines  Kept.  Invest., 

1964,  No.  6370: 

high  temperature  heat  contents  and  entropies  of  andalusite,  kyanlte 
and  sillimanite, 

1.1.66  Pearce,  M.L.,  J.  Amer.  Ceram.  Soc.,  1965,  48,  611: 

[Na^O-SlOj^  *  •  c*lcul*tion  of  oxygen  Ion  activities  In 

sodium  silicate  and  sodium  borate  melts. 

1.1.67  Pearce,  M.L.,  J.  Amer.  Ceram.  Soc.,  1965,  48,  175: 

fNaj,0-B203l  oxygen  ion  activity  in  sodium  borate  melts,  equilibration 

of  melts  containing  38.8,  45.4,  49.7,  54.0,  wt.%  NajO  with  CO2  at 
l  atmosphere. 

1.1.68  Pankratz,  L.B.,  Weller,  W.W.,  and  Kelley,  K.K.,  U.S.  Bur.  Mines  Kept. 
Invest.,  1963,  No.  6287: 

low  temperature  heat  capacity  and  high  temperature  heat  content  of  mulllte, 

1.1.69  Richardson,  S.W.,  Bell,  P.M.  ,  and  Gilbert,  M.C.,  Amer.  J.  Scl.,  1968, 

266.  513: 

kyanite-slllimanite  equilibrium,  700-l500°C. 

1.1.70  xx  Richardsan,  F.D.,  Jeffes,  J.H.E.,  and  Withers.  C  ,  J.  Iron  and  Stdel 

Inst. ,  1950,  166,  213: 

(formation)  CaSiO^,  Ca^AljO^  (298K);  aftso 

Al2Si05(29801600),  BaSi<>3  (29801600),  FeAl^  (1100-1400), 

Na2Si03  (298-1361K). 

1.1.71  d  Ricker,  R.W.,  and  Hummel,  F.A.,  J.Amer,  Ceram.  Soc.,  1951,  34,  271: 

T102-Si02. 

1.1.72  x  Roth,  W.A.,  and  Troitzsch,  H.  ,  Z.  anorg.  allgem .  Chem.,  1949,  260.  337: 

iW° 298  (formation)  FejSiO^,  solution  in  HF. 

1.1.73  i  Scholze,  H.  ,  Z.  anorg.  allg.  Chem.,  1956,  284 ,  272: 

A 1 2O3-B  2O  j , 

1.1.74  Schuhaann,  R, ,  and  Enslo,  P.J. ,  J.  Metals,  1951,  401: 

(FeO-SiOj  slag  activities  Included), 

1.1.75  Segnit,  E.R.,  and  Celb,  T.  ,  Prec.  VIII th  Conference  Experimental 
Tech.  Mineralogy  and  Petrology,  Novosibirsk,  1968: 

BaO-S  i02. 
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1.1.78 

1.1.79 

1.1.80  i 

1.1.81  x 

1.1.82  xx 

1.1.83 

1.1.84  xx 

1.1.85  x 

XX 

1.1.86 

1.1.87  x 

1.1.88 

1.1.89 


Sharma,  R.A 
198,  386: 
(CaO-Al^l 

0.58-0.71, 


.  ,  and  Richardson,  F.D.,  J.  Iron  and  Steel  Inst.  1961 

,  Gas  equilibration  at  1500#C  using  C02^H2^SO2,NCa0 
*CaO*  *Al?o.,*  This  paper  supersedes  the  previous  one 


» 


Sharna,  R.A.,  and  Richardson,  F.D.,  J.  Iron  and  Steel  Inst.  1962, 

200,  373: 

CaS  solubility  in  fCaO-SiOjT  ,  1500#C,  NCa0  -  0.366-0. 577 ,  AG,  *?Ca0. 

Shibanov,  E.V.,  and  Chukhlantsev,  V.G.,  Russian  J.  Phys.  Chetn.  , 

1970,  44,  (7),  1003: 

Calculated  tff*  298  (fonnati®n) :  Li2Si03>  Li4Si04,  K2Si03,  K2S10205, 
Na2Si03,  Na2Si205,  CaSi03,  Ca2Si04,  SrS103,  Sr2SiC4,  BaSi03,  Ba2Si04 

Sridhar,  R.,  and  Jeffes,  J.H.E.,  Trans.  Inst.  Min.  Met.,  1967,  076,  44: 
fPb0-S102 1  ,  e.m.f.,  900-1080*C. 

Statton,  W.O.,  J.  Chetn.  Phys.,  1951,  JLJ9 ,  33: 

Ba0-Ti02. 

Stevens,  C.G.,  and  Turkdogan,  E.I.,  Trans.  Far.  Soc. ,  1955,  51 ,  356: 
Heat  of  formation  of  sodium  disilicate  (solution  in  HF  at  25°C). 

Taylor,  R.W.,  and  Schmalzried,  H.  ,  J.  Phys.  Chain.,  1964,  68,  2444: 
fG*  (formation),  Fe2S104  also  CaTi03  and  SrTiOj 

>1 

Tarek  El  Gammal  and  H.H.  Hohle,  Arch.  El senhut tenv.  ,  1970,  _41,  523: 
actitivy  of  sulphur  in  line-silica  slags  at  15i0oC. 

Todd,  S.S.,  and  Lorenson,  R.E.,  J.  Amer.  Chem.  S->e.,  1952,  74.  2043: 
metatltanates  of  barium  and  strontium,  Cp  ( 51 -298 . 16K) . 

Todd,  S.S.,  and  Lorenson,  R.E.,  J.  Amer.  Chem.  Soc.,  1952,  74.  3764: 
orthotitanates  of  barium  and  strontium,  Cp  (51-309K). 

Todd,  S.S.,  J.  Amer.  Chetn.  See.,  1950,  72,  4742: 
andaluslte,  kyanlte  and  sillimanite,  Cp  (54-298. IbK) ,  S°  -QR. 


Todd,  S.S.,  J.  Amer.  Chetn.  Soc,,  1951  ,  73,  377  7- 
B-Ca2Si04,  Zn2Si04,  Cp  (51-298K). 


Torgeson,  D.R. 

*'298 


and  Sahama,  Th.G.,  J.  Amer.  Chen.  Soc., 
(formation)  by  HF  solution  calorimetry. 


1948,  70,  2156: 


Tripp,  H.P.,  and  King,  B.W.,  J.  Amer.  Ceram.  Soc.,  1955,  38,  432: 

(Q*  (formation),  0-1700*C.,  Fe2Si04,  FeSiOj,  FeAl204,  Ca2Fe20^,  CaSiOj, 

BaS iO 3 ,  Ca2S  10^ ,  C aB 2^4  *  ^ ,  A 1  2S  i 04  ,  C  aB  20  r, ,  Na 2S iO  j , 

Ca3B206,  K2Si03. 
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1.1.90  Waldbaum,  D.R.,  Amer.  Mineral.,  1965,  50,  186: 

Re-evaluation  of  heats  and  Gibbs  energies  of  formation  for  mullite, 
andalusite,  kyanite  and  sillimanite. 

1.1.91  Welch,  J.H.  and  Gutt,  W.,  J.  Amer.  Ceram.  Soc. ,  1959,  42,  11: 

Tricalcium  silicate  and  its  stability  within  the  system  Ca0-Si02 
(high  temperature  microscopy). 

1.1.92  Wygant,  J.F.,  and  Kingery,  W.D.,  Bull.  Amer.  Ceram.  Soc.,  1952, _3l,  386: 
"Thermodynamics  in  Ceramics",  VI  Suam&ary,  bibliography  and  sources  of  data, 
Al^SiO  ,  Ca^B^O  ,  Ca^jO^,  CaB^,  CaB^,  CaSiOj,  FeSi03,  FejSiO^, 

FeTiO^  PbSi03,6pb2Si0A. 
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1.2.20 

1.2.21 

12.22 

1.2.23 

1.2.24 

1.2.25 

1.2.26 

1.2.27 

1.2.28 

1.2.29 


Elliott,  J.F.,  J.  Meta In ,  1955,  7,  (3),  485: 
calculation  of  activities  In  binary  and  ternary  systems, 
Ca0-Fe0-S102. 

4  Eremin,  N.I.,  Egereva,  A. I.,  Dmitrieva,  A.M.,  ami  Furfareva, 

I .1. ,  Zhur.  Prikl.  Khim,  1970,  43,  (1),  18: 

CaO-TiOj'SiOj  also  CaO.SiOj  +  Na20,  Fe^,  MgO  or  Al^. 

Fulton,  C.,  and  Chipman,  J.,  Trans.  Met.  Soc.  A1ME,  1954,  200,  1136: 
aS102  in  fCaO-Al^-SiOj }  ,  1425-1700°C ,  equilibration  with  CO. 

4  Gerth,  K.,  and  Rehfeld,  Silattechnik  Deutsche,  1969,  J20  (7),  22: 
Ba0-B203-S102. 

Hlabse,  T.,  and  Kleppa,  O.J.,  American  Mineral ,  1968  ,  j>3,  1281: 

albite- jadeite,  Ml  (transition),  calorimetry  in  liquid  2PbO.B.O,. 

964  2  j 

Na20-Al203-Si02  system  > 

4  Holland,  A.E.,  and  Segnlt,  E.R.  ,  Australian  J.  Chen. . ,  1966,  Ji9,  905: 
Naj.O-ZnO-SiOj,. 

Holm,  J.L.,  and  Kleppa,  O.J.,  American  Miner. ,  1966,  53,  123: 
high  temperature  alblte-lov  temperature  albite,  5 K  (transition), 

solution  calorimetry  in  lead-cadmlum>borate,  jInv  heat  content  of 
"high  albite"  at  700°C.  ^  Ma  O-Al^-SK^ 

Kay,  D.A.R.,  and  Taylor,  J.,  J.  Iron  Steel  Inst.,  1963,  201 ,  67: 
including  lsoactlvlty  curves  for  Si  in  {CaO-Al^-SiOj }  *t  1500*C. 

Kelley,  K.,  Todd,  S.S,,  Orr,  R.L.,  King,  E.f,.  and  Bonnlckson,  U.S. 
Bur.  Mines  Report  Invest.,  1953,  No.  4955,  "Thermodynamic  properties 
of  sodium  aluminum  and  potassium  aluminium  silicates". 


Knapp,  W.J.,  and  Flood,  H.,  J.  Amer.  Ceram,  Soc.  1957,  40,  262: 
Using  the  llquidus  lines  from  the  phase  diagrams,  expressions  for 
the  activities  as  functions  of  composition  are  developed  from 
structural  models  of  the  melts. 


€.3(803)2 

-  Ca2Si04  , 

^borate 

Ca3(B03)2 

-  CaS103  , 

^berate 

^silicate 

C*2B2°5  ’ 

Ca2Si04  , 

\°5  ■ 

Ca(B02)2 

•  CaSi03  , 

Nw  „  - 

borate 

^silicate 

c.2b2o5  - 

CaSi03 

^berate 

^silicate 

0.86-1.00,  ,  VJ8-1487°C. 
0.33-1.0,  1 185-1482*C . 

-  0.06-1.0,  1175-1 540*C . 

8.01-1.00,  ’240-1312'C. 

0.78-1.00,  1050-1162*C. 

•  0.35-1.00,  1095-1540#C. 

0.75-1.00.  1170-1312*C. 

-  0.34-1.00,  1 195-1540®C . 
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1.2.35 

1.2.36 

1.2.37 

1.2.38 

1.2.39 

1.2.40 

1.2.41 

1.2.42 


Kaiyanram,  M.R.,  Macfarlane,  T.G.,  and  Bell,  H.B.,  J.  Iron  Steel 
Inst. ,  I960,  195,  58: 

*CaO>  1500°C.,  sulphur  equi libratien  between  00 -CO 2 -SO 2  *nd  slags 
at  1500°C .  fer  CaO-MgO-SiOj ,  CaO-AljO-j-SiOj. 

6  Koppen,  N.  and  Dletzel,  A.,  Naturwissenschaften,  1969,  (9),  460: 
BaO-TlOj-SlOj. 

Langenberg,  F.C.,  and  Chlpnan,  J.,  Trans.  Met:.  Soc.,  AIME,  1959, 

215.  958: 

a  in  fCaO-Al  0,-Si0«)  ,  1600°C,  1700*C.,  equilibration  with 
Si Uo  2  * 

co’"sio2  -  °-°-237* 

4  Laagenberg,  F.C.,  and  Chipman,  J. ,  J.  Amer.  Ceram.  Sec.,  1956,39,  432: 
Ca0-Al203-S102. 

4  Nurse,  N.W.,  and  Midgley,  J.  Iron  Steel  Inst.,  1953,  174,  121: 

NajO  or  KjO  +  A1203  +  Si02  +  CaO. 

4  Prince,  A.T. ,  J.  Amer.  Ceram.  Sec.,  1954,  J7,  402: 

Ca0-Al20  3-Si02. 

Richardson,  F.D.,  Jeff-3,  J.H.E.,  and  Withers,  G.,  J.  Iron  Steel 
Inst. ,  1950,  166,  213: 

AH*  298  (fermation)  2Ca0 .Al20^.Si02  . 

4  Roy,  R.,  Roy,  D.M.  ,  and  Osborn,  E.F.,  J.  Amer  Ceram.  Sec.,  1950, 

33,  152: 

Li20-Al203-Si02. 

4  Segnit,  E.R.,  and  Holland,  A.E.,  Australian  J.  C’uem. ,  1970,  (6)  1077: 

Ba0-Zn0-Si02. 

Tarasov,  V.V.,  Turdakln,  V.A.,  Yunitskii,  G.A.,  and  Zhdanov,  V.M., 

Zhur.  Fiz.  Khim.,  1967,  41,  430: 

Cp,  (55-295K),<  Na20-B^03-Si02^  . 

Toop,  C.W.,  and  Saaia,  C.S.,  Trans.  Met.  Soc.  AIME,  1962,  224,  878: 
calculation  of  activities  at  1600°C  for  Fe++ ,  Caw-,  o"  in 
[CaO-FeO-Si02  1. 

Turkdogan,  E.T.,  Grlevesen  and  Beisler,  J.F.,  Trans.  Met.  Soc.  AIME, 

1963,  227,  1258: 

aSi0  in  501  BaO-15%  CaO-35X  Si02  at  1400-1600°C ,  from  quilibrium 
silicon  distribution  ratio  between  slag  and  graphite  saturated  Iren. 

Waldbaum,  J. ,  Amer.  Ceram.  Sec.,  1968,  jrt,  61: 

KAlSi  0  ,  NaAlSi  0  ,  AH  (fusion),  HF  solution  calorimetry  at  497*C., 

3  8  3  8 

also  enthalpies  of  transition. 
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1.3.  QUATERNARY  SYSTEMS 


1.3.8  Timucin,  M.,  and  Marria,  A.E.,  Met.  Trane.  1970,  .1,  3193: 
1450  and  1550#C,  p  «  10-11  -1  atmosphere  equilibration 

°2 

activities  for  0,  5,  10,  20  and  30  vt.%  SIO^  sections. 

1.3.9  Timucin,  M.,  Dissertation  Abstracts,  1969,  303,  ^5),  2215: 

"Phase  equilibria  and  thermodynamic  studies  of  the  system 

Ca0-Fe0-Fe„0,-Si0,,. 

2  3  2 
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2 .  PLATINUM  SYSTEMS 


2.1 

Li-Pt;  Na-Pt;  K-Pt 

2.2 

Mg-Pt;  Ca-Ft;  Sr-Pt;  Ba-Pt 

2.3 

Ce-Pt;  Nd-Pt 

See  Ref.  3.1.37  in  the  Semi-Annual  Report,  Jan.  1, 

1971. 

2.4 

B-Pt;  Al-Pt;  Si-Pt 

2.4.5 

Ferro,  R. ,  Capelli,  R.,  Borsese,  A.,  and  Centineo,  G.,  Atti. 
Accad.  Naz.,  Lincei  Rend,  C.I.,  Scl-Fis.  Mat.  Natur. ,  1968, 
45,  54: 

^1,  (formation),  (573-673K) ,/  Al-Pt  ■. 

2.4.6 

See  Ref.  3.1.12  in  the  Semi-Annual  Report,  Jan.  1, 

1971. 

2.5 

Fe-Pt 

2.6 

Zn-Pt;  Ps-Pt;  As-Pt;  Sb-Pt 

2.6.6  Jena,  A.K.,  and  Sever,  M.S.,  Trane.  Met.  Sec.  AIME ,  1967,  239,  1861: 
Heate  of  solution  at  infinite  dilution  of  Ag,  Au  and  Pt  in  liquid 
Pb  at  623K. 

2.6.7  Otopkov,  P.P.,  Gerasimov,  Ya.I.,  and  Evseev,  A.M„;  Proc.  Acad.  Sci., 
U.S.S.R.,  Phys.  Chem.  Section,  1961,  p.  839: 

{Pt-Pb}  ,  v.p.Pb  (973-1148K) ,  Npt  -  0.00-0.89, 

2.6.8  Schwerdtfeger ,  K. ,  Trans.  Met.  Soc.  AIME,  1966,  236,  32: 
fPt-Pb}  ,  e.m.f.,  1073-1473K,  Npt  -  0.12-0.70,  «pb . 

2.6.9  Schwerdtfeger,  K.,  and  Zwell,  L.,  Trans.  Met.  Soc.  AIME,  1968, 

242.  631: 

v  Rh-Fe >  ' IR-Fe  > ,  CO-CO,  equilibrium  at  1200°C. 

\  /  \  /  L 

2.6.10  Kubaschewski ,  0.,  "The  thermodynamic  stability  of  metallic  phases", 
Battelle  Colloquium,  Geneva,  1966,  McGraw-Hill,  1967,  p.  63: 

Includes  methods  of  estimation  -  for  example  the  type  of  equilibrium 
diagram  formed  and  therefore  the  heats  of  formation  of  a  given  alloy, 
using  the  size  and  electronegativity  of  the  components. 

For  the  specific  cases  of  alloys  of  platinum  with  the  alkali  metals 
or  alkaline  earth  metals,  the  (LA-Lg)A  (LA+Lg^  term  is  rither  negative 
but  is  compensated  by  a  rather  positive  electronegativity  term 
(cA*eg)2,  which  makes  the  application  of  the  method  of  estimation 
rather  uncertain.  However,  it  appears  that  at  least  some  of  these 
systems  are  likely  to  form  large  miscibility  gaps,  even  in  the  liquid 
state,  indicating  substantial  positive  excess  Gibbs  energies. 
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3.1  GENERAL  REFERENCES 


3.1.40  Kelley,  K.K. ,  U.S.  Bureau  of  Mines,  Report  Invest.  No.  5901,  1962: 

AH* 298  Ca2SiO^,  Sr2SiO^,  Ba2SiO^,,  Fe2SiO^,  LljSiO^ , 

Na^SlO j,  MgSi03,  CaS103,  PbS103,  Ll2Si20,  K2S105,  BaSijOj, 

K20.4S102,  3CaO  ,S102 ,  3Ca0.2S102,  2Ba0.3S102,  K20  .Al203>3Si02, 
Ca0.Al203.2S102. 

3.1.41  Kirkbride,  B.J.,  "The  heats  of  formation  of  crystalline  compounds 
and  of  glasses  at  25°C”.,  Pilklngton  Bros.  Ltd.  ,  Ormsklrk,  Lancs, 
England.  Information  Report  No.  I.R.  25,  January,  1967: 

S102  +  Li20,  Na20,  RbjO,  CSjO,  MgO ,  CaO,  Al203  and  ternary  systems. 

3.1.42  Knapp,  W.J.,  and  Van  Vorst,  W.D.,  J.  Amer.  Ceram.  Soc.,  1951,  34,  384: 
Semempirical  methods  for  estimating  the  entropies  of  oxides,  silicates 
and  titanates;  prediction  of  reaction  equilibria. 

3.1.43  Kubaschewski ,  0.,  Evans,  E.L1.,  and  A 1 cock,  C.8  ,  "Metallurgical 
Thermochemistry",  4th  Edition,  Pergamon,  London  1967;  also  most  recent 
values  of  data  in  the  Japanese  Edition,  1968 

3.1.44  Kubaschewski,  0.,  "The  thermodynamic  properties  of  double  oxides", 
National  Physical  Laboratory  DCS  Report  7,  November,  1970,  (excluding 
Si(»2  systems). 

3.1.45  Kubaschewski,  •.,  "The  thermodynamic  stability  uf.  metallic  phases", 
Battelle  Colloquium,  Geneva,  1966,  McGraw-Hill,  1967,  p.  63; 

3.1.46  Levin,  E.M. ,  Robbins,  C.R.,  andMcMurdie,  H.F.,  "Phase  diagrams  for 
ceramists",  published  by  The  American  Ceramic  icciety,  1964;  also 
E.M.  Levin,  H.F.  McMurdie  and  F.P.  Hall,  1956;  E  Ml  Levin  and  H.F. 
McMurdie ,  1959. 

3.1.47  Matveev,  G.M.  ,  Rudon,  B.L.,  and  Shorshorov,  M.K'n.,  Fiz.  Khim.  Obrat. 
Mater.  1969,  6,  94; 

Calculation  of  the  Gibbs  energy  of  formation  at  1000  and  1600K  for 
silicates  of  Li,  Na,  Mg,  Fe,  Mn. 

3.1.48  Mott,  B.W.  ,  "Liquid  Immiscibility  in  Metal  ,  Philosophical 

Mag.  (8th  Series)  2,  (Feb.,  1957). 

3.1.49  Richardson,  F.D.,  and  Jeffes,  J.H.E.,  J.  Iron  and  Steel  Inst.,  1948, 
160,  261.  Cricical  evaluation. 

3.1.50  Seward,  T.P.,  III,  "Phase  Diagrams",  1970,  Vol.  I.,  Academic  Press, 
N.Y.,  298: 

"Metastable  diagrams  and  their  application  to  glass  forming 
ceramic  systems". 
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THERMO DYNAMIC  1 NVKST1GAT ION  OF  THE  INTERACTION 
OF  A  1.1TH1A  LASER  (MASS  WITH  PLATINUM 

C.  A.  Alexander,  .1.  S,  Ogden,  and  W.  M.  l’ardue 

BAT TELLE 

Columbus  Laboratories 
July  22,  1971 

1  NTRODUCl  1  ON 


In  at tem.pt  iug  to  produce  laser  glass  of  the  highest  purity,  one  wishes 
to  keep  metallic  inclusions  to  a  minimum  or  to  eliminate  them  altogether.  The 
interaction  of  plaLinum  and  molten  glass  may  occur  by  a  number  of  mechanical  and 
chemical  processes.  The  presenL  sLudy  was  directed  at  obtaining  sufficient  infor¬ 
mation  to  attempt  to  optimize  Lhe  melting  process  so  that  inclusions  could  be 
mi n imi zed . 

The  most  likely  mechanism  by  which  plaLinum  can  he  dissolved  in  glass  can 
be  envisioned  as  one  whereby  oxygen  reads  with  the  platinum  to  form  gaseous 
platinum  oxide,  which  is  then  dissolved  by  the  glass.  One  would  expect  the 
platinum  concentration  in  the  glass  to  vary  directly  with  Lhe  oxygen  partial 
pressure  over  the  glass  melting  tank.  As  one  lowers  the  oxygen  pressure,  however, 
the  chemical  potential  of  silicon,  lithium,  calcium,  and  the  minor  metallic  con¬ 
stituents  of  the  glass  rise,  and  there  develops  a  reaction  potential  for  forming 
int enneLallic  compounds  with  the  platinum. 

The  primary  goal  of  the  present  investigation  was  Lo  determine  this 
reaction  potential  between  the  metallic  constituents  of  the  glass  and  platinum  at 
low,  ye.L  industrially  realizable,  oxygen  partial  pressures.  A  1  imi  Led  effort  was 
directed  at  determining  the  platinum  content  of  the  laser  glass  and  its  thermo¬ 
dynamic  activity  in  the  glass. 


Experimental 

This  investigation  of  the  chemical  potential  of  the  elemental  constituents 
of  laser  glass  was  carried  out  using  a  mass  spcctromctric  approach.  The  mass  spec¬ 
trometer  has  a  great  dynamic  range  and  high  sensitivity,  which  allows  for  the 
detection  of  small  signals  as  each  component  vaporizes  at  different  temperatures. 
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The  observed  intensities  were  much  smaller  than  anticipated;  tl  is,  it  was 
impossible  to  conduct  this  investigation  by  an  EMF  technique  or  by  a  transpira¬ 
tion  method. 

The  initial  experiment  to  determine  platinum  activity  and  content  of  the 
l.v  r  glass  was  conducted  in  a  tungsten  Knudscn  cell.  The  interaction  of  the 
tungsten  cell  and  the  oxides  of  the  glass  produced  many  gaseous  tungsten  oxides 
and  tungstates. 

The  method  of  equilibrating  a  piece  of  platinum  wire  with  the  laser 
glass  to  determine  the  chemical  potential  of  each  constituent  in  the  glass  made 
it  possible  to  carry  out  the  investigation  without  the  interaction  of  the  oxides 

The  experimenta 1  approach  was  basically  one  of  equilibrating  the  molten 
laser  glass  with  platinum  for  a  time  long  enough  to  insure  that  the  chemical 
potential  of  eaclt  of  the  elements  present  was  the  same  in  t  he  molten  glass  and 
in  the  platinum  wire.  The  oxygen  pressure  was  controlled  by  using  a  CO/CO^  t  ix- 
turc  during  equilibration. 

The  equilibration  process  was  carried  out  in  the  molybdi.  m -wound 
resistance  furnace  of  the  transpiration  apparatus  shovai  in  Figure  1.  The  laser 
glass  and  the  platinum  wire  were  placed  in  a  platinum  boat  in  he  a  platinum 
liner,  insuring  that  the  laser  glass  had  no  contact  with  the  aK.ima  tube  of  the 
furnace.  The  CO/CO^  mixture  was  introduced  just  above  the  platinr  boat  so  that 
it  did  not  come  in  contact  with  the  alumina  until  after  it  had  pa  ed  over  the 
sample.  The  flow  of  CO  and  CO^  was  controlled  by  separate  flowmeters  so  that  the 
CO/ CO^  ratio  could  be  changed  to  vary  the  oxygen  pressure. 

Three  separate  equilibration  runs  were  made  in  this  appratus.  Pressures 
of  10  ^  atm,  10  **  atm,  and  10  ^  atm  0^  were  chosen  for  equilibration  of  the 
la-  "  glass  and  the  platinum  wire.  A  temperature  of  2600  F  t'1700  K)  was  maintained 
for  168  hours  at  each  0^  pressure.  For  the  10  ^  atm  09  run,  tin.  CO/CO, }  ratio  was 
cheeked  by  mass  spectrometer  to  ascertain  that  the  inlet-gas  ixture  was  the  same 
as  the  exit  mixture.  This  check  was  made  to  insure  that  the  CC  CO^  mixture  was 
actually  controlling  the  oxygen  pressure,  rather  than  a  d i spropor t i onat i on  reaction 
which  might  be  giving  off  oxygen. 

After  the  equilibration,  the  sample  was  cooled  .and  the  platinum  was 
separated  from  the  laser  glass.  The  platinum  wire  was  then  etched  in  HF  solution 
for  2  hours  to  remove  any  glass  particles.  The  cleaned  platimm  wire  was  placed 


85- 


FIGURE  I.  THE  TRANSPIRATION  APPARATUS 


I 


in  an  outgasscd  BeO  liner  of  a  tungsten  Knudsen  cell,  which  was  then  placed  in 
the  Nuclide  mass  spectrometer  where  the  intensities  of  the  constituent  ions  were 
measured  as  a  function  of  temperature.  •  (The  constituent  atoms  diffused  into 
h  platinum  during  equilibration.) 

O  '  I 

The  Nuclide  mass  spectrometer  is  a  90  magnetic-sector  typo  with  the 
high-temperature  furnace  positioned  so: that  the  vaporizing  beam  is  perpendicular  ,, 
to  the  ionizing  beam.  The  mass  spectrometer  is  equipped  with  a  shutter  between 
the  Knudsen  cell  region  and  the  ion  source.  This  shutter,  which  is  normally  open, 
is  used  to  interrupt  the  vaporizing  beam.  If  the  signal  ceases  or  decreases 
when  the  shutter  is  closed,  then  it  is  coming  from  the  Knudsen  cell  and  is  not 

i 

part  of  the  background.  The  observed  intensities  are  transformed  into  vappr 
pressure  by  using  the  machine  calibration  constant  and  a  correction  for  the  ion¬ 
ization  cross  section  relative  to  silver.  Cross  sections  as  tabulated  by  Mann^ 


(2) 


i 


i 


i 


or  Drowart'“/  were  utilized  in  this  study.  The  calibration  constant  is  deter¬ 
mined  by  completely  vaporizing  a  known  quantity  of  silver  from  the  Knudsen  cell. 
Tie  integrated  signal  obtained  from  the  measured  intensity  land  time  at  tempera- 

I 

ture  is  the  constant.  The  machine  calibration  constant  for  these  experiments  was  i 
-15  e 

1  .0  x  10  atm/rnv  div/  K.  The  vapor  pressure  of  the  platinum  also  was  a  check  on 
the  machine  calibration. 

i  1 

Figure  2  shows  the  vapor  pressure  of  the  platinum  calculated  by  use, of  ( 

-15  c  1  , 

the  calibration  constant  of  1.0  x  10  atm/mv  div/  K  and  the  relative  ionization 

!  (1)  1 

cross  sections  of  the  elements  calculated  by  Mann l  The  solid  line  is  vapor- 

(3)  , 

pressure  data  taken  from  Hultgren  ,  and  the  vapor-pressure  points  froth  the  mass 
spectrometer  data  are  represented  by  X's.  >  i 


a c suit  s 


From  the  experiment  with  the  laser  glass  in  the  ,tungsten  coll,  it  is  1 
concluded'  that  the  laser  glass  contained  O.’G  ppma  platinum  and  that  the  activity 

-3  i 

of  platinum  in  the  glass  is  about  10  .  at  1700  K.  One  wodld  qxpeqt  some  reaction 

i 

between  the  tungsten  Knudsen  cell  and  the 1  platinum,  leading  to  solid-solution  i 

-3 

formation  even  at  an  activity  of  10  .  However,  if  one  assumes  a  diffusion  rate 

-12  ' 

of  10  cm  /sec  for  platinum  in  tungsten,  one  concludes  that  the  surface  of  the 
cell  would  rapidly  comeVto  equilibrium  with  the  platinum  gas  at  its  reduced  activity 

i  j 
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VAl’OR  i’FFSSl'KF  OF  I’lAT  I  Ml'!'.  DIRIVFD  I'M  O’ 

y  a:;i  uf.mfms  compakhd  to  comimi.i.d  va'Ui 

OF  IIULTCRFN 


(See  following  pa/o) 


6 


and  th.it  only  a  small  fraction  of  the  platinum  would  react  with  the  tungsten. 

‘  I  considered  that  the  0.0  ppr.ia  is  accurate  to  0.6  +  0.2,  -0.0,  based  on  the 

i  'i.  i  it  ion  and  the  above  consideration  of  platinum  diffusion. 

The  results  obtained  in  the  equilibration  study  are  mi  smart  zed  in  Table 
data  in  ruble  I  are  the  activities  of  the  metal  io  tlu  plat inun\  except 
t  i  '.In  t  of  aluminum,  and  the  activity  of  the  oxide  in  the  glass  at  1700  K.  The 
activity  of  aluminum  in  platinum  and  the  activity  of  the  A^O  in  the  glass  at  the 

equilibration  oxygen  pressure  are  reported  at  2300  K  because  aluminum  was  not 

•  6  “3 

table  below  2100  K  in  the  10  atm  0*  and  the  10  atm  0„  runs.  The  activity 

i  i  i  and  C.aO  are  not  reported  for  the  10  atm  0  experiments  because  of  a 

*•  _  g 

iK. urn  cont  ribut  ion  from  the  lleO  liner  of  the  Knud  sen  cell.  The  10  atm  0^ 

I  iu  for  calcium  is  probably  a  little  high  for  the  same  reason. 

Table  2  l.ists  the  amounts  of  silicon,  lithium,  aluminum  and  calcium 
diffused  into  the  platinum  during  equilibration.  The  quantities  were 
It  lated  from  the  intensity  of  the  mass  spectrometer  signal  and  the  length  of 

!  ;tt  the  signal  lasted,  similar  to  the  method  used  for  the  ilver  calibration. 
Sodium,  potassium,  iron,  cerium,  and  neodymium  wt r*  not  detected  during 
".periments,  although  these  elements  could  he  observed  iu  an  experiment 
.'(.It  the  major  constituents  were  ignored.  The  problem  with  the  small  concen- 
’in  is  that,  while  measurements  were  being  made  on  tlu  major  components, 
or  components  vaporized  completely  and  were  not  detected.  The  activities 
i  lithium,  aluminum,  and  calcium  were  determined  directly  from  the  relation 


O 

P 


(1) 


is  activity,  P  was  measured  pressure  in  the  mass  r.;  ter,  and  P  is 
\  i  urn  pressure  for,  pure  component.  The  activity  of  tin  i  icon  was  doter- 
fr  i  liquations  (2)  and  (3)  because  the  silicon  vaporized  from  the  lleO  cell 


lieO  .  +  Si..  .  -  SiO,  +  be.  .  , 
(c>  (in  pt)  (gl  (g) 


(2) 


I  o0  is  the  crucible  material,  at  unit  activity,  and  the  lie  and  SiO  pressures 
v  t  measured.  Then  the  activity  of  the  Si  v/as  calculated  from  the  known  values. 
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TAB1.E  1.  ACTIVITIES  OF  COMPONENTS  IN  THE  PLATINUM  AND  CLASS  AT  1700  K 


r0  (atm)  for  F.qtiiliL  -il  i  m 


10 


-6 


10 


10 


-10 


P02  (Knudscn  Cell) 

10-10 

8  x  10~12 

CM 

1 

o 

f— * 

J’t 

ASi 

6  x  10‘14 

5.3  x  10"12 

3  x  10'10 

ASi0o 

0.3 

0.28 

0.15 

\1H 

AJ.i 


Al,i,0 


Pi 

\1 


at  2300  K 


Al2°3 


at  2300  K 


io”9 

io'8 

?  > 

<  io"8 

10- 11 

io"9 

(,  .. 

io*10 

2  x 

io‘7 

1.4  x 

10- 6 

i . ;  > 

io"5 

8  x 

io‘2 

5  x 

io"2 

4  j 

t  io~2 

Cu 


2  x  10 


10 


<J  x  10 


11 


'  aO 


0,  i 
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TABLE  2.  CALGH-ATLII  El.KMKNTAL  PICKUP  IN  PLATINUM 

! 


1 

ppmw 


for  Equil  ibrnt  i  o.i 


Si 

Li 

Al 


13 

2 

5 


Ca 


31 

8 

6 

9 


48 

14 

22 

14 


i 


9 


Si,.  + 

(in  pt) 


1/2  0, 


=  SiO 


'(g) 


(B> 


(3) 


>i.. (t  ion  (3),  the  SiO  and  the*  0^  are  measured  quantities  and  the  activity  of  the 
Si  i  calculated.  Good  agreement  was  obtained  lor  the  activity  of  Si  from  Equa¬ 
tions  (2)  and  (3).  An  indication  of  the  manner  in  which  tie  computation  was  made 
can  he  seen  in  Figure  3.  The  oxygen  pressure  in  the  Knud sen  cell  was  calculated 
using,  Equation  (4), 


W02  +  1/2  02  =  W03  , 


(4) 


win  i  t- 
li  i  ghe 
Pi 

,U  I  I  ■ 

■  'i  .  ! 

v!  h  ■ 

t  ■  •  i  i 


1'02  and  W0^  pressures  were  measured  and  the  02  was  calcul  » t •.  d .  At  the 
r  temperatures,  the  02  pressure  was  also  obtained  directly  no  the  shuttered 
cik  and  the  calibration  constant. 

The  activities  of  Si02,  l.i^O,  AljO^,  and  CaO  were  calcul.' id  using  the 
iiy  of  the  metal,  the  equilibrating  oxygen  pressure,  an  1  *' 

-ul  for  the  formation  of  the  oxide  from  the  .IAEA!  *  table 


1  ibriwj 
In  those  cases 


tin  oxide  was  not  listed  in  the  JANAF  tables  the  dat  .  for  ondonstd  oxides 
tained  from  Coughliu^^  and  for  gaseous  oxides  from  brewer  and  Rosenblatt^  . 
.  u,:iple,  the  *10  ^  atm  02  equilibration  gives  a  silieo  ,u  t  vity  of  3  x  10  ^  . 
quilibrium  constant  for  the  reaction 


Si(c)  +  °2  (g)  “  S:°2  (c) 


(5) 


1  i  and  log  k  "  5.15  x  10^, 


k  = 


(ASi)(A0> 


(6) 


uting  into  Equation  (6), 


5.15  x  10 


ASi0r 
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(3  x  10‘U))(10"10) 


Asi()  -  (5.15  x  1018)  (3  x  10'10)(10'10)  -  15  x  in'2 


A  . ,  -  0.15 

hi02 


10 


F1GURI-: 
Si  (in  pt) 


.  ACTIVITY  OF  SILICON  COMPUTED  FROM  THE  HE  I  AT  ION, 

-8 

1/2  0^  (g)  ~  SiO  (g),  for  the  10  0^  Equilibration 


(See  following  page) 
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l!u  i  ree  energy  values  used  to  derive  the  values  in  Table  1  are  given  in  Table  3. 

Conclusions 


The  data  obtained  .and  outlined  in  Tables  1  and  2  indicate  that  platinum 
ami  la.er  glass  are  still  compatible  at  an  oxygen  pressure  as  low  as  10  ^  atmos- 

pluic.  Tt  had  been  hoped  that  Henry's  law  would  apply  to  the  very  dilute  solution 

of  elements  in  platinum.  That  such  is  not  the  case  may  he  seen  from  the  data  in 
Table  4  where,  based  on  the  previous  data,  the  Henry's  law  constant  a  =  kXQ  has 
been  calculated.  In  this  expression,  a  is  the  activity  taken  from  Table  1  and  Xq 
(he  atom  fraction,  derived  from  the  concentration  given  in  Table  2.  Had  Henry's 
law  been  obeyed,  the  data  would  have  been  much  more  amenable  to  extrapolation  and 
might  he  able  to  predict  at  what  oxygen  potential  the  concent  ration  of  silicon 
i  platinum  would  reach  a  level  such  as  to  cause  structural  damage  to  the  platinum. 

If,  in  noting  ‘he  trend  in  the  Henry's  law  constants  with  concentration,  one 

-5  -A 

u'  >lors  that  a  value  of  the  constant  for  silicon  of  between  10  and  10  ,  say 

>  >.  1  ’ ,  might  be  a  reasonable  estimate  for  the  magnitude  of  the  constant  when 

ti  >  duration  is  0.1  atom  percent  silicon  in  platinum.  This  would  indicate 

•  8 

I  the  silicon  activity  reached  3  x  10  ,  one  could  expect  1000  pprna  of 

iu  the  platinum.  Based  on  the  silicon  activities  given  in  Table  1,  one 

-8  ~12 

i  i  hi  expect  the  silicon  activity  to  be  3  J  10  at  an  oxygen  pressure  of  10 

phere;  hence,  it  would  appear  that  one  might  go  to  a  pressure  as  low  as  this 

II  maintain  the  structural  integrity  of  the  platinum  crucible.  Examination 
t  (he  platinum  used  in  the  equilibration  studies  showed  no  evidence  of  grain- 

attack  either  visually  or  by  electron  probe,  nor  d  u  the  ‘canning,  electron 
rope  reveal  any  evidence  which  would  indicate  that  a  reaction  of  any  extent 
(  <  d. 

The  evidence  indicates  that  Henry's  law  does  not  apply  to  the  platinum, 
ihably  docs  not  apply  to  the  glass;  hence,  there  is  a  need  for  more  informa- 
’iore  one  can  accurately  predict  the  amount  of  platinum  one  would  expect  in 
he  glass  due  to  nonmechanical  effects.  There  is  evidence  tlmL  atmosphere,  control 
should  load  to  a  glass  with  a  concentration  of  less  than  one  part  per  billion, 
however  .  This  conclusion  awaits  experimental  verification  for,  although  one  can 
estimate  the  magnitude  of  the  reaction  involving  solubility  of  the  gaseous  platinum 
oxide  ,  there  is  no  certainty  that  this  is  the  only  reaction,  nor  that  intrinsic 

olubilitv  will  supply  a  finite  amount  of  platinum  to  gl^-s. 
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TABLE  3. 

FREE  ENERGIES 

OF  FORMATION  USED 

IN 

INVESTIGATION 

AND  THE  R1 

'FERENCE 

ST, 

Component 

TcT 

at  1700 

k', 

sio2 

(q) 

145.6 

SiO 

(c) 

58.2 

u2o 

(1) 

85.3 

ai2o 

3  (C) 

270.0 

CaO 

(c) 

108.2 

BcO 

(O 

103.5 

zJXL 

at  2000 

K 

NdO 

(b) 

62.3 

Nd20 

3  (C) 

264.0 

CeO 

(B) 

48.1 

Ce02 

(c) 

142.1 
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TABLK  4. 

HENRY'S  I AW 

1  CONSTANTS  FOR  CONSTITUENTS  IN 

U.UVTINUM 

!  lenient 

p 

0„  for  Equilibrat 
10-6  10'8 

i  on 

10- 10 

Si 

7 

00 

o 

•A 

CM 

o 

H 

1 

o 

»H 

X 

9  x 

f— * 

o 

1 

Li 

2 

x  10-5  4  x  10'S 

5  x 

io'5 

A1 

G 

-3  -2 

x  10  3  x  10 

7  x 

10-2 

Ca 

5  x  10"6 

1  X 

10-6 

I 
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Due  to  the  very  low  values  of  activities  of  the  constituent  elements  in 
•u.  uncertainties  in  the  data  are  somewhat  higher  than  might  ordinarily  be 
i i ou  a  mass  spectral  investigation.  With  the  effusion  cell  geometry 
<  ed  gaseous  species  could  be  determined  if  their  partial  pressures  were  10  ^ 

at  or  higher.  Neither  NdO  nor  CcO  were  observed  at  2000  K,  and  from  these  values 
o:u  can  assign  an  upper  limit  to  the  activities  of  neodymium  and  cerium  but  at 
20m0  F  not  at  1700  K.  based  ou  observation  of  A^O^  *n  where  the 

to  1  rat ure  coefficient  of  activity  was  found  to  he  quite  small  one  might  expect 
that  tin  upper  limit  values  given  at  2000  K  maybe  a  reasonable  value  to  use  at 
!'.  tlso.  In  determining  best  values  more  weight  was  given  to  the  10  ^ 
equilibration  run  for  these  reasons.  First,  there  was  more  of  the  constituents 
u  1  ic  platinum  hence  signals  were  more  intense  and  measurements  could  be  per- 
!  ml  over  a  larger  temperature  range.  The  second  reason  is  that  experience 
■.I’ued  in  making  those  kind  of  determinations  from  the  first  two  runs  enabled  a 
tematic  approaeh  to  be  taken  in  that  one  could  anticipate  at  what  temp- 
i  i  t  to  look  for  the  various  species  and  little  time  was  expended  in  going 
f  iss  t  >  mass  and  from  one  temperature  to  another.  The  third  factor  is 

i  possible  signal  contributions  from  the  beryl lia  liner  were  believed  to 
mated  by  the  very  high  temperatures  outgassing  prior  to  run  three.  There 
little  doubt  the  caliia  observed  in  the  early  runs  came  from  the  crucible  and 
•  K'ssiblo  there  was  a  small  contribution  of  silica  also.  The  activity 

given  reflect  the  precision  in  the  mass  spectral  data  but  do  not  allow  for 
insert  flinty  inherent  i it  the  reference  data  from  the  JANA!  tables.  It  is 

that  for  most  cases  uncertainties  in  reference  data  cn  Id  introduce  an 
1  tv  of  at  least  50  percent  in  the  number  reported. 


100. 


A-2 

TABLE  A-l.  RECOMMENDED  VALUES  FOR  ACTIVITIES  IN  UT11IA 
LASER  GLASS  AT  1700  K 


Mole  Fiacii 

Activi ty 

in  Clasr, 

to 

X 

H- » 

o 

• 

0.59 

o 

• 

o 

X 

sD 

0.28 

1  x  10"1 

0.10 

CM 

1 

o 

X 

CM 

0.025 

<  10**1 

0.0016 

A 

o 

1 

LO 

0.005 

APPENDIX  III:  CALCULATION  OF  P.  REQUIRED  FOR  PC  FAILURE 


The  thermodynamic  calculations  below  estlaate  the  Pq^  required  fer 
Pt  metal  failure  la  centact  with  the  LljO-CaO-S^'Nd^  laser  glass. 

Ft  "failure"  can  be  expressed  from  a  chaalcal  point  of  view  by  Reaction  (1). 
Silicon  Is  used  as  an  exaaple. 

Si  <*S1  in  failed  +  °2  po2^  "*  In  glass  sol'n); 

T  -  1700*K  R z  (1) 

When  these  three  phases  are  In  equilibrium  at  the  appreprlate  aele  fractlens 
and  partial  pressure,  the  Pt  will  have  "failed"  by  definition. 

Equlllbrlua  occurs  when  the  Gibb's  free  energy  fer  Reaction  (1)  ( #  .)  Is  aero. 

—  (.1 


r¥  -  /*•  +  RT  In 


'sio. 


<*")  <v 


Eq.  II-l 


The  P0^  required  fer  <0  li  desired.  ■  *P*  (SIO^}  ■  -137,931 


4> 


cal /aele  at  1700aK  (2600*P). 

For  glass  coapesltlen  #5,  x||jM  -  0.593  and  the  A*}J”  has  been 
experlaentally  determined;  because  "failure"  was  net  observed  above  P^  ■ 

10  10  ata. ,  let  A®****  ■  0.15  fer  the  ealeulatlen.  The  mole  fractions 

sio2 

nf  the  glass  constituents  are  not  being  changed  In  erder  te  avoid  Ft  failure 
so  these  mole  fractlens  and  cerrespendlng  activities  will  reaaln  constant  fer 
the  calculations. 

The  A^J**’*  are  available  at  1700*K  fer  S102,  LijO  and  CaO. 

Insufficient  data  is  available  to  estimate  A*|,a£8. 

A12  3 
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There  are  two  ways  of  estimating  the  A<jj  at  failure  the  last  parameter 

Pt 

necessary  in  order  to  calculate  Pq2  required  for  failure.  The  Ag^  can  be 

estimated  knowing  the  AF° f  (SiTT  ),  AP<?»  A^c ,  or  A^*  as  done  in  Appendix  IV 

s  oi  Si  Si 

’>  L)  f 

of  the  Semi-Annual  K  port  .  Based  upon  this  empirical  data,  the  A  at 

-5  o 

failure  has  been  estimated  to  be  10  at  1533  K.  These  data  could  be 

temperature  corrected  from  1533°K  to  1700°K  hv  assuming  that  Tlog  .•\^t  is 

Me 

not  a  function  of  temperature.  This  can  be  demonstrated  by  considering  the 
reaction: 

Me  (pure)  -♦  Me  (in  Pt  soln.)  Rx  (2) 


For  Rx  (2),  -  T/\  S  .  AS  tv  0  because  the  degree  c f  disorder  is 

3  *  &  3' 

is  similar  between  solids  and  between  solids  and  liquids;  therefore,  aF  is 

& 

not  a  strong  F  (T) .  Also  note: 


glass 

%  ■  +  "  in  A/1  0 


glass 


Therefore,  T  log  A ai.o3  is  n#t  *  strong  f  (t).  Using  this  relation,  the 

A^t  at  1760°K  can  be  calcul  ted  knowing  A??  at  1  533°K.  Consider  as  an 
Me  /■] 


example ; 


Pt 


(1533°K)  log  ffsi  @1533  K  -(1700  K)  1 og'  A  pi  700°K J 
■Ti  i700°K  =  --*^2  (10  5)  0.°  ■'  3  0  :  n  j 

J  J.  /UU  h  j  70Q 


.  .Pt_ 


P  t  o 

Since  the  estimated  value  of  the  A,,  1533  K  is  not  accurate  to  more  than 

Me 

one  order  of  magnitude,  the  Aw.*;  ra  1  A33°v  a^"  (??700oK. 

1  .c  Me 


Using  the  above  values  and  Eq. 111-1,  the  P  required  for  failure  is 


calculated:  -145,600-t  (1.987)  (2.303)  (1700°K)  log 


r  0.15 


10 


( 10' 5)  <V 


.  J*  0 
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- 1 1  n 

riioroiore,  I’.  •'  10  *  cm.  is  order  for  failure  Lo  occur. 

u2 

The  same  calculation  is  done  for  the  other  oxides  and  metals.  The  data 
•ascii  is  presented  in  Table  111-1  and  the  Pq^'s  nre  summarized  in  Table  7 
>t  tnis  report. 


Pt 

The  other  method  of  estimating  Che  at  failure  assumes  that 

-- / a t . 7o>  of  che  mecal  (Me)  can  be  dissolved  in  Che  Pc  before  failure  would 

Pc  Pc 

be  expected.  The  Aj.je  is  related  to  the  mold  fraction  (X  )  by  the  relation 

Pt  r, 

p  ^  *  *  P  t 

;rPt  =  t  x  wlterc  <  is  the  activity  coefficient  ns  empirically  determined 
Me  Me  Me  Me 

and  listed  in  Table  4.  Table  I1I-2  lists  the  data  used  in  Quation  III-l  to 
calculate  Pq^  required  for  failure  and  the  obtained  PQ  values. 
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TABLE  III-l 


CALCULATION  OF  Pn  REQUIRED  FOR  Ft  FAILURE  ASSUMING 
°2 

aJJ  '•  FROM  REF.  3.  T  -  1700*K  -  2600*F 


■ent  (Me) 

JIM* 

Vc 

aJ* 

*F'f<H«0) 

(cel/mele) 

F  Required  fer 
°2 

PC  Fellure 

Si 

0.15 

«n 

i 

CD 

H 

-145,  600 

<  io"l3*° 

«tB. 

Li 

-10 

6x10 

io”6 

-  85,431 

s  io‘13*8 

•ta. 

A1 

1.29xlO’2 

10-8 

-269, 589 

-12.6 

<  10 

eta. 

Ce 

0.1 

-4 

10 

-108,160 

-20.9 

<  10 

eta. 
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TABLE  III-2 


CALCULATION  OF  Pn  REQUIRED  FOR  PC  FAILURE  ASSUMING 
U2 

PC  PC  PC  Pc 

XMe  *  O.Ol  and  v^e  (X^  ■  0.01  from  Table  4  of  ReporC. 

T  -  1700°K  -  2600°F. 


Elemenc 

(Me) 

*Me0x 

PC 

*Me 

Y?t 

Me 

AF°f(MeOx) 

cal/mole 

Po^required  for 
PC  Failure 

Si 

0.15 

0.01 

9xlO*7 

-145,600 

> IQ-11. 5  atm> 

Li 

6xl0“10 

0.01 

5xlO“5 

-  85,431 

>10“ 14,8  a  cm. 

Ca 

0.1 

0.01 

lxlO*6 

-108,160 

.  ,  -21.2 

10  aCm. 

*  This  value  has  been  cemperaCure  cor recced  for  1700°K. 
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